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Abstract
Flood is one of the most serious natural disasters that affect human beings,
so how to effectively reduce flood damage to human beings is of vital im-
portance. One of the keys to reducing flood damage is to design buildings
effectively enough to withstand flooding and the impact of floating debris
on the structures.
Although, many studies exist to address the impact of floods on structures,
the impact of floating debris on the buildings and structures, i.e. wall or
bridge during flooding have not been fully addressed yet. Thus, the objec-
tive of this dissertation is to predict the trajectory of floating debris of rivers
during flooding and analyze its impact on the structures.
For achieving this goal, a numerical tool based on the mesh-less method of
Smoothed Particle Hydrodynamics (SPH), Discrete Element Method (DEM)
and Finite Element Method (FEM) is proposed in this dissertation. Where
SPH is employed to describe the fluid flow and DEM is employed to ob-
tain the contact force between the floating debris and structures. And a
coupling model of SPH and DEM is presented and implemented based on
the OpenFPM, a scalable and open C++ framework for particles and mesh
simulation in parallel. Buildings and structures are represented by Finite
Element Method (FEM) mesh, for which impact with floating debris is de-
termined. These contacts of floating debris cause forces at the positions of
impact, e.g. mechanical load and are evaluated by using commercial Finite
Element Analysis (FEA) software Abaqus.
3As a result, a numerical tool combing the SPH-DEM and FEA is presented
in this dissertation It is worth to notice, that treating the inlet/outlet con-
dition in SPH is a challenging issue due to its Lagrangian nature. A suitable
boundary treatment for the inlet / outlet condition in SPH for river flooding
problem in 3D is unavailable in literatures. Thus, this dissertation extended
the open boundary treatment for SPH using semi-analytical conditions and
Riemann solver in 2D (Ferrand et al., 2017) to 3D. Which in results, a new
open boundary treatment that is suitable for describing the inlet/outlet
condition of SPH in 3D is presented and applied to describe the inlet/outlet
condition in this dissertation.
The numerical tool is applied to study the scenario of floating trees, trans-
porting in the Mosel river and hitting the flood control wall at Kesten town
in the west Germany during flooding. As the result of simulation shows,
the floating trees are driven by the river and heading to the downstream
and eventually collide with the flood control wall. This impact causes the
flood control wall crack from the position of impact. Which means that the
flood control wall is not capable of standing the impact of floating trees that
transported in the river.
Overall, this dissertation proposed a 3-way coupling numerical tool that is
capable of predicting and analyzing the impact of floating debris on building
or structures during flooding.
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Chapter 1
Introduction
1.1 Background
Flood is one of the most serious natural disasters affecting human life as
reported by Doocy et al. (2013). According to the European Environment
Agency, during the period 1998-2009, European countries suffered 213 severe
floods, resulting in 1,266 deaths, 500,000 people displaced, and at least 5.2
billion e economic losses. Therefore, it is vital for European countries to
introduce flood safety planning to reduce the impact of the flood. One of
the key aspects of flood safety planning is to design the structure, which
is unavoidable in the flood hazard area, to withstand the flood. In the
literature, several methods have been proposed to determine the flood forces
for the design of buildings and other structures in the flood hazard area.
And it can be determined by using the following three methods: (1) by using
the analytical method (2) by using laboratory test method, or (3) by using
the numerical modeling method.
However, a key limitation of determining the flood forces by using the analyt-
ical method and the laboratory test method, is that the interaction between
the flood and floating bodies is over simplified. Which makes it not suitable
to analysis the actual flood forces on the structures and floating bodies with
1
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arbitrary geometry. Moreover, most of the analytical method and the labo-
ratory test method for design flood forces on structures were derived from
limited data. Therefore, to better analysis the flood forces on the structure
during flooding, the numerical modeling method is required.
The interaction between flooding with its associated transport consists of
following three aspects:
• Interaction between the free surface (i.e., the surface of water that is
in contact with air) and structures.
• Interaction between floating bodies and waves.
• Interaction between floating bodies and structures.
Much research on interaction between free surface and structures, interac-
tion between floating body and waves and the interaction between floating
bodies and structures has been done. For example, Wang et al. (2015) pre-
sented a numerical model for analyzing the flood impact on the bridge pier,
Liang et al. (2016) developed a numerical model based on the finite volume
Godunov-type scheme to model the flow impact on structures under extreme
flow conditions, Hu et al. (2000) presented a numerical tool based on the
finite volume method to simulate storm waves that is overtopping on coastal
structures.
Although, several numerical tools are available for analyzing the interaction
between water and structure, a numerical tool for predicting the impact of
floating bodies on buildings and structures during flooding is still unavailable
in the literature.
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1.2 Motivation
Although, both mesh-based and meshless methods have been applied to
floating bodies, an impact on buildings/structures caused by a floating body
has not been addressed in the literature yet. Therefore, the objective of
this dissertation is to construct a numerical tool that is capable
to predict both flow and floating bodies during flooding and their
impact on buildings or structures. The floating bodies are considered
as arbitrary shapes represented by triangular meshes and treated as individ-
uals that interact with both fluid and solid. For this purpose, SPH, which
according to Zhen et al. (2010) has the advantages of treating free surface
flow as compared with the mesh-based method, is employed in this disser-
tation to describe the fluid flow and the interaction between fluid and solid.
And the impact force, caused by floating bodies, is addressed by using DEM.
Thus, the interaction between fluid and solid and the interaction between
solid and solid can be treated separately. Finally, the FEM is applied to
analyze the deformation of structure due to the impact of floating bodies
and hydrodynamics pressure of the fluid flow.
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1.3 Disposition
• Chapter 2: This chapter covers the literature review of SPH, boundary
treatment of SPH, SPH with floating bodies, SPH coupling with DEM.
• Chapter 3: This chapter presents the mathematical model of the SPH
and DEM that is used in this dissertation. The boundary condition,
including inlet/outlet model, and dissipation methods employed in this
dissertation.
• Chapter 4: A series of validation test, including 2D cavity, 3D dam
break, 2 boxes floating in the 3D dam break, the free cylinder dropping
test and a flow passing though a rectangular duct with inlet/outlet
condition are presented in this chapter.
• Chapter 5: This chapter introduces a simulation case and analyzes the
impact of floating bodies on flood prevention devices. The test case is
constructed based on the Mosel river and the flood protection devices
at Kesten town, which is located at the Rheinland-Pfalz region of West
Germany.
• Chapter 6: Conclusion, suggestions and future works are given in this
chapter.
Chapter 2
Literature Review
2.1 Overview
This literature review discusses the method for calculating the flood forces,
its modelling and numerical simulation, and gives a brief overview of the
research conducted in the area. A brief review of computational fluid dy-
namics (CFD) methods for interaction between free surface and structures,
interaction between floating bodies and waves and interaction between float-
ing bodies and structures. Lastly, the SPH method is introduced, discussing
the main advantages and drawbacks of the method, reviewing the use of
SPH for solving fluid-structure problem.
2.2 Flood forces
This section gives a brief overview of common methods for determining the
flood forces adopted by the design codes for determining the maximum flood
forces acting on the structure. According to American Society of Civil En-
gineers (ASCE) ASCE (2017) and Federal Emergency Management Agency
(FEMA) FEMA (2001), the flood forces include hydrostatic forces, hydro-
dynamic forces, wave forces and impact forces. The hydrostatic forces are
the force of standing or slow rising water acting on the inundated structure,
5
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which can be derived from the difference in water level of two sides of the
structure. The hydrodynamic forces are the dynamic effect of the moving
water acting on the structure. The wave forces are the force acing on the
structure when water waves propagating over the surface of the water and
striking on the structure. The impactforces are the force acting on the struc-
ture results from the collision between the structure and floating bodies (i.e.,
any objects transported by water such as cars, trees and any other floating
bodies).
2.2.1 Hydrostatic forces
The hydrostatic forces include the hydrostatic horizontal force (i.e., hydro-
static pressure on the vertical element of the structure) and buoyancy (i.e.,
the hydrostatic force acting on the horizontal element).
2.2.1.1 Hydrostatic horizontal force
The hydrostatic horizontal force derives from the difference in water level
on the upstream side and downstream side of the structure. The flood force
per unit length it is given by: The hydrostatic forces per unit length can be
determined by
Fhydrostatic pressure force =
ρg
2
· (h2us − h2ds) (2.1)
where F
Buoyancy is the force exerted by fluid that is in the opposite direction to
the gravity. The buoyancy length can be determined by
Fbuoyancy = ρfluidVimmersed (2.2)
in which Fbuoyancy is the buoyancy, ρfluid is the density of the fluid that the
concern object immersed in and Vimmersed is the volume of water displaced
by the concern object.
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2.2.2 Hydrodynamic forces
The Hydrodynamic forces are the dynamic effect of the moving water acting
on the structure. An additional force is exerted by fluid when the fluid flows
around the structure, which can be determined by a function of flow velocity
and structural geometry.
According to ASCE (2017), if the velocity of the flow is less than 3.05m/s,
it is considered as the low velocity hydrodyanmic force. To determine low
velocity hydrodyanmic force on a vertical structure, the hydrodyamic force
can be converted to an equivalent hydrostatic force by increasing the head
(depth of the water) above the flood level. This increasing equivalent head
can be determined as
dh =
CdV
2
avg
2g
(2.3)
where dh is equivalent head due to the low velocity of flood flows, Vavg is the
average velocity of flow and Cd is the drag coefficient (taken from the United
States Army Corps of Engineers (USACE) USACE (1984)). After obtaining
the equivalent head, then the hydrodynamic force can be determined by
Fhydrodynamic = ρdhHdesign depth (2.4)
where Fhydrodynamic is the equivalent hydrostatic force due to low velocity
flow and Hdesign depth is depth of water level.
Table 2.1: Drag Coefficients for Ratios of Width to Height (USACE,
1984)
Width to Height Ratio (b/H) Drag Coefficient (Cd )
1-12 1.2 5
13–20 1.3
21–32 1.4
33–40 1.5
41–80 1.75
81–120 1.8
>120 2.0
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When the velocity of the flow is greater than 3.05m/s or a special structure
and conditions, a more detailed concept of fluid mechanics model should be
adopted. The basic method provided by ASCE (2017) to to determine the
hydrodynamic force on the vertical structure is given by
Fhydrodynamic = Cdρ
V 2
2
A (2.5)
where Cd is the drag coefficient (taken from Table 2.1), and A is the sub-
merged area of the upstream face of the structure.
2.2.3 Wave forces
The wave forces are the force acing on the structure due to water waves
propagating over the surface of the water and striking on the structure.
ASCE (2017) suggests that the wave forces of non-breaking and broken wave
can be determined by using the same procedures as the one for determining
the hydrodynamic forces when the velocity of flow is low.
And, if the water is assumed to be still water, the breaking waves force on
a rigid vertical pile or column can be determined by
Pmax = Cpγwds + 1.2γwdsFt = 1.1Cpγwd
2
s + 2.4γwd
2
s (2.6)
where Pmax is the maximum combined dynamic and static wave pressures, Ft
is the wave impact force in unit length acting near the still water elevation.
Cp is the dynamic pressure coefficient, γw is the unit weight of water and ds
is the still water depth of structure where the waves is breaking.
2.2.4 Impact forces
The impact forces are the force acting on the structure results from the
collision between a floating body and structures. In the literature, there are
three most common approaches can be found to determine the maximum
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impact force when designing the structures that have to withstand the flood.
These three approaches are:
• Contact Stiffness Approach
• Impulse-Momentum Approach
• Work-Energy Approach
All these three approaches are based on the one degree of freedom system,
which only the mass of the floating body is involved in determining the
impact forces. The one degree of freedom system as shown in Fig. 2.1,
where mfloating body is mass of the floating body, ms is mass of the structure,
ub is velocity of the floating body. The impact zone of the structure is
considered to have a stiffness ki and the floating body is considered to have
a stiffness kb with associated a net displacement of x0 due to the impact. In
the one degree of freedom system, the structure is considered to be so heavy
that it does not move during the impact and the stiffness of the structure
is considered to be rigid, where ki >> kb, then the model of the one degree
system can be described as follows:
mfloating bodyx¨+ kx = 0 (2.7)
where x is the summation of the displacement of floating body during col-
lision and k is the effective contact stiffness between the structure and the
floating object during the collision, which can be determined by
1
k
=
1
ki
+
1
kb
(2.8)
Since x is the displacement of the system and at the beginning of the contact,
the displacement is equal to 0, which means that x = 0 at t = 0. And the
initial impact velocity of the floating body is ub, which means x˙ = ub at
t = 0. If the relationship between displacement and impact force is linear,
where F = kx, then the maximum impact force Fmax can be determined by
Fmax = ub
√
kmfloating body (2.9)
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Figure 2.1: Schematic of the one degree of freedom model proposed.
2.2.4.1 Contact stiffness approach
The contact stiffness approach is adopted by the American Association of
State Highway and Transportation Officials (AASHTO) AASHTO (1997).
This approach is originally developed for evaluating maximum vessel impact
force on bridge piers, where the impact force depends on the dead-weight
tonnage of the vessel, DWT and the vessel velocity. The maximum impact
force can be determined by
Fcontact stiffness = 0.122uvessel
√
DWT (2.10)
where Fcontact stiffness is the impact force determined by using the contact
stiffness approach in MN , uvessel is impact velocity of the vessel in m/s and
DWT is the dead weight tons of vessel in tons. Haehnel and Daly (2004)
suggest that this approach is considered as contact stiffness approach due
to this approach requires only the effective contact stiffness of the collision
to determine the impact force with known mass and velocity.
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2.2.4.2 Impulse-momentum approach
The impulse-momentum approach is adopted by the FEMA (2001) to predict
the impact of floating bodies striking the structure. The governing equation
of this approach is based on the definition of impulse, which is the integral
of force with respect to time:
I =
∫
Fdt =
∫
d(um) (2.11)
where I is the impulse of the collision due to the collision between the floating
body and the structure. By assuming the momentum of the floating body
becomes zero after the impact, the above equation become:
F =
um
tduration
(2.12)
where tduration is the impact duration, which is given by FEMA (2000) and
shown in Table 2.2.
Table 2.2: The impact duration suggested by FEMA (2000)
Type of material Duration of impact (s)
Wall Pile
Wood 0.7-1.1 0.5-1.0
Steel NA 0.2-0.4
Reinforced Concrete 0.2-0.4 0.3-0.6
Concrete Masonry 0.3-0.6 0.3-0.6
2.2.4.3 Work energy approach
The work energy approach is adopted by Australian bridge design standard
(AS5100, 2004), which comes from the definition of work and energy:
W =
∫
F (x)∂x =
∫
(∂
1
2
mu2) (2.13)
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where W is the work done on the structures with respect of the collision be-
tween the structure and the floating body. Assuming the velocity of floating
body goes to zero due to the collision, the equation above can be written as
follows:
W =
∫ s
0
kxdx =
1
2
mu0orW = ks
2 = mu20 (2.14)
where s is the stopping distance of the floating body due to the collision.
Since, Fmax = ks, the equation above becomes
Fmax =
mu20
s
=
wu20
gs
(2.15)
To determine the Fmax, it is necessary to know the stopping distance.
AS5100 (2004) suggests a range of the stopping distance for estimating the
maximum impact force of a bridge pier impact by a 2 metric-ton log as Table
2.2 shows.
Table 2.3: The stopping distance of pier impact by a 2 metric-ton log
recommended by AS5100 (2004).
Material of pier Stopping distance (s) (mm)
Timber 300
Hollow concrete 150
Concrete 75
2.2.4.4 Summary of flood loads
Although the design codes mentioned above provide a general guideline for
determining the maximum of impact force. These design codes only consider
the impact force of a single debris on a structure. As a result, the multi-
ple floating bodies impact on the structure simultaneously, which is more
likely to happen in the nature, has not been fully addressed yet. And the
approaches mentioned above are based on the empirical scale down model,
which results in uncertainty of predicting the maximum of impact force.
Moreover, these approaches adopted by the design codes are reliant on the
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velocity, duration of the impact, impact angle, materials of the structure and
location of the impact relative to the building geometry that are challenge
to collect. Which in results, to accurately determine the maximum impact
forces caused by the floating body is extremely difficult.
2.3 Numerical Modeling of Floods with associated
floating bodies
In the field of river engineering, many complex processes have taken place
in the process of floods. In the past century, many researches have been
carried out through field observation and laboratory experiments. However,
the information collected by field observation and laboratory experiments
is very limited. In addition, the complexity of floods makes them difficult
to measure, difficult to model in laboratory experiments, and expensive.
Moreover, when it comes to the problem of the interaction between flood and
floating bodies, the earlier established methods in the literature are often
analytical methods, which are limited to treating the interaction between
flow and floating body with simple geometry. An alternative way to solve
the, the numerical methods, such as Computational fluid dynamics (CFD),
have been widely applied to address the interaction between flow and floating
bodies. The interaction between the flow and floating body is considered as
a Fluid–Structure Interactions (FSI) problem, which is a common topic in
different engineering topics.
Computational fluid dynamics tool can be categorized into mesh-based meth-
ods and meshless method. The mesh-based methods such as Finite Differ-
ence Method (FDM), Finite Volume Method (FVM) and Finite Element
Method (FEM), have been successfully applied to investigate a wide range
of river flooding problems by Ghani et al. (2010), Morvan (2001) and Ru¨ther
and Pedersen (2014).
Conventional mesh-based methods such as FVM, FEM and FDM to model
interaction between free surface and structures is by applying free-surface
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modelling techniques to capture free surfaces. These modelling techniques
include Volume of Fluid (VOF) method, Level Set (LS) method and Con-
strained Interpolation Profile (CIP). However, using these techniques re-
quires a very fine mesh to successfully capture the structure of the fluid
surface. This greatly increases the computational cost of simulation.
Due to the actual flow motion is a very non-linear problem, the interaction
between floating body and waves becomes a more complicated nonlinear
problem. Interaction between floating body and waves is still regarded as
a major challenge for the mesh-based methods due to nonlinear coupling
between the body motion and the force and motion of floating bodies inside
the fluid domain. Furthermore, the motion of floating bodies is far from
infinitesimal displacements, which results in a large mesh displacement and
distortion. For this purpose, Hadzˇic´ et al. (2005) employed sliding mesh as
an interface between fixed mesh and moving mesh. Carrica et al. (2007),
Henshaw and Schwendeman (2003), Quallen et al. (2014) employed dynam-
ically overlapping grids and the most common way is employed immersed
boundary method (IBM) as Calderer et al. (2014), Kallemov et al. (2016),
Shen and Chan (2008) demonstrated. Another alternative approach is the
Arbitrary Lagrangian-Eulerian (ALE) formulation which combines advan-
tages of both Lagrangian approach and Eulerian approach as Walhorn et al.
(2005) presented. However, this approach fails when the large deformation
of the fluid surface which leads to excessive element distortion. And it also
requires re-meshing in every time steps which make this approach compu-
tational costly.
On the contrast to the mesh-based method, meshless method, such as Smooth
particle hydrodynamic (SPH) Monaghan (1994) and moving particle semi-
implicit (MPS) Koshizuka and Oka (1996), in general, is more capable of
dealing with violent free surface flow and fluid-solid interaction compares
with mesh-based method as Zhen et al. (2010) and Violeau and Rogers
(2016) reported.
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2.4 Smooth Particle Hydrodynamic
SPH is a fully Lagrangian meshless method, originally developed to solve
astrophysical problems by Lucy (1977) and Gingold and Monaghan (1977),
and later extended to solve fluid problems by Monaghan (1992) and Mon-
aghan (1994). The system consists of a set of discrete particles. The physical
properties of the fluid particles are calculated by smoothing the kernel func-
tion on the basis of neighboring particles. SPH’s meshless feature offers
several advantages over mesh-based methods (Violeau and Rogers, 2016,
Zhen et al., 2010). Firstly, SPH is capable of dealing with the interface
between fluid-solid and fluid-air without surface tracking technique. This
alleviates the difficulty of coupling moving solid objects in a fluid. Even
when a complex geometry is involved in simulation, SPH can still track the
rapid distorted free surface. Secondly, SPH is suitable for simulating the
highly nonlinear, inertial dominated process flow and its impact. Finally, it
is a difficult and time-consuming task for grid based methods to generate
quality grid for complex geometries.
2.5 Weakly Compressible Smooth Particle Hydro-
dynamic and Incompressible Smooth Particle
Hydrodynamic
Weakly Compressible smooth particle hydrodynamic (WCSPH) and incom-
pressible smooth particle hydrodynamic (ISPH) are two types of typical SPH
framework in the literature. The WCSPH solves the compressible Navier-
Stokes equation, and uses an equation of state (EOS) to relate density and
pressure. To ensure incompressibility of the fluid, the reference sound speed
of fluid should be set as Mach number when obtaining the pressure by us-
ing EOS. However, since the Courant–Friedrichs–Lewy (CFL) condition is
employed in the most of SPH models, the high reference sound speed lead
to very small time steps and which results in increasing of computational
cost. Therefore, in practice, the reference speed is only set to 10 times the
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maximum speed of the system to allow larger time step and limit the density
variation of SPH fluid particles within 1% (Monaghan, 1992).
The ISPH presented by Cummins and Rudman (1999) is considered as a
truly incompressible SPH approach, which solves the pressure Poisson equa-
tion to obtain the pressure field instead of calculating pressure from density
by using EOS. This ensures that the ISPH can achieve higher pressure accu-
racy than WCSPH as reported by Lee et al. (2008). Moreover, the reference
sound speed of the system is no longer required which enables the ISPH to
adopt a larger time step.
Although the ISPH seems to be more suitable than WCSPH in the ap-
plications of the most engineering problems, this dissertation still applies
WCSPH approach with following reasons. Firstly, several methods can be
found in the literature to improve the accuracy of WCSPH pressure field,
such as using an MLS density filter that is proposed by Colagrossi and Lan-
drini (2003) or adding dissipation terms as Molteni and Colagrossi (2009)
proposed. Secondly, no further free surface treatment is required (due to
the pressure at free surface is automatically becomes to zero) and the pres-
sure Poisson equation is replaced by EOS when solving the pressure field,
which result in faster to construct the code of WCSPH than ISPH. Lastly,
since the EOS is adopted in WCSPH, which result in constructing a parallel
program of WCSPH is straightforward. Therefore, this thesis only focuses
on the WCSPH framework.
2.6 Boundary Treatment
One of the main challenges in SPH is insufficient particles in the support
domain, which is the effective area of a particle, to perform an accurate
approximation. This support domain problem generally only happens in
the fluid surface of fluid or the solid boundary. Colagrossi et al. (2009)
concluded that with proper WCSPH formulation, it still satisfies the dy-
namic free-surface condition without further implementation of explicitly
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free-surface terms.
For solid boundaries, several methods have been developed, including repul-
sive force method, dummy particle boundary, mirror particle method, and
normal flux method. In this section, the common boundary methods for
solid boundaries in SPH will be introduced.
2.6.1 Repulsive Force Boundary Method
Monaghan (1994) presented a repulsive force boundary method based on
Lennard–Jones repulsive force. In this method, as Fig. 2.2 shown, a layer
of boundary particles is placed at the boundary and these particles gener-
ate paired force exerted on the fluid particles to keep fluid particles inside
the computational domain. This method is straightforward to implement,
capable of dealing with complex shapes, and computationally cheaper than
the other methods. Yet, this approach may have an inconsistency problem,
because of the problem of the insufficient particles in the support domain
still exists.
Figure 2.2: Sketch of repulsive force boundary method.
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2.6.2 Mirror Particle Method
The mirror particle method, as Fig. 2.3 shown, proposed by Morris et al.
(1997), is a straightforward method, which the fluid particles are mirrored
through the boundary to fill up the void space in the interior of the boundary
as Fig. 2.2 shown. And the physical properties of these mirrored particles
are adjusted based on the boundary condition. The drawback of this method
is that it is computationally more costly than other method since the parti-
cles need to be mirrored to another side of boundary in every time step.
Figure 2.3: Sketch of mirror boundary method.
2.6.3 Normal Flux Method
In the normal flux method, a kernel renormalized factor is introduced. This
renormalized factor is calculated through surface integrals of the bound-
aries and as compensation for the missing particles in the field of support
on the boundary as Fig. 2.4 shown. This method is applicable for both
2D (Leroy et al., 2014, Mayrhofer et al., 2013, M.Ferrand et al., 2011) and
3D (Mayrhofer et al., 2015a,b). The advantage of this method is that the
boundary conditions of Neumann and Dirichlet can be realized as presented
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by Ferrand et al. (2017). The drawback of this method is that when a com-
plex 3D geometry boundary is involved, it is necessary to calculate renor-
malisation factor based on the intersection between particles and boundary
through a domain decomposition algorithm. This increases the cost of com-
putation and the difficulty of implementation. Moreover, this method is not
suitable for every kind of kernel function. For example, if a Gaussian or a
super Gaussian kernel function is employed, then it is impossible to calculate
the analytic value of the renormalized factor in 3D (Mayrhofer et al., 2015a).
Figure 2.4: Sketch of normal flux boundary method.
2.6.4 Dummy Particle Boundary Method
In the dummy particle boundary method, proposed by Libersky et al. (1993),
a few layers of fixed particles are deployed outside of the boundary to com-
pensate the void space of support domain of fluid particles that are nearby
the wall boundary as Fig. 2.5 shown. Marrone et al. (2010) compared the
level set and SPH with dummy particle boundary by using the case dam
break flow impact on the structure and the results show that the dummy
particle boundary method is an accurate and robust boundary treatment.
Adami et al. (2012) introduced a pressure boundary condition to apply on
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the dummy particle, which prevents the fluid particle penetrate the wall
boundary and increases accuracy. This method has the advantage of being
applied to complex three-dimensional geometry, and it is straightforward to
construct as parallel code. Therefore, the dummy particle boundary method
is applied to deal with the wall boundaries and the surface of floating bodies
in this dissertation.
Figure 2.5: Sketch of Dummy particle boundary method.
2.7 Flooding with SPH
Based on the advantages of meshless, SPH is considered as one of the most
ideal tools for modeling floods. Extensive research has applied SPH to in-
vestigate and predict floods. Vacondio (2012) used SPH to solve shallow
water equations (SWEs) for modeling Okushiri tsunami in Japan. Kao and
Chang (2012) compared the 2D-SPH-SWE model for the flooding problem
with the experiment results and conclude that the 2D-SPH-SWE model is
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reasonably accurate. However, the SWE equation is not suitable for treat-
ing the interaction between flow and the floating body problem. Since the
vertical pressure gradients are considered as hydrostatic. Shen et al. (2000)
used SPH to simulate the dynamic transport and jamming of surface ice in
rivers. Ghazali and Kamsin (2008) presented a model to simulate the river
flood in Kuala Lumpur on 10 June 2007. Guo et al. (2017) simulated water
flooding into a damaged floating cabin, and their numerical results are in
good agreements with experimental data. Prakash et al. (2014) presented a
SPH-DEM model for analysing the impact of dam failure in different scenar-
ios. Their research shows that SPH can model flood and debris transport
during the flood.
2.8 Floating body in SPH
Monaghan and Kos (2000) are the first one to deal with the interaction
between the floating body with and flow by using SPH. In their work, a
vertical sinking box, whose acceleration depends on hydrodynamic force, is
used to produce a two dimensional solitary wave. Oger et al. (2006b) pre-
sented a wedge entering the water surface in 2D and their result shows a
fair consistency compared to the analytical and experimental result. For
wedge entering water problems, the air cavity enclosed by the water may af-
fect the local free surface profile significantly. Therefore, Gong et al. (2011)
employed a two-phase model, which takes the interaction between air and
water into consideration and successfully improves the force prediction. Ul-
rich and Rung (2012) used SPH to model a 3D cube entering the water, their
simulation results are in good agreement with the experimental results.
Bouscasse et al. (2013) designed a model to couple viscous Fluid–Solid in-
teractions by using the δ-SPH (a SPH model with numerical diffusive terms)
proposed by Antuono et al. (2010). Their model can simulate the interac-
tion between complex viscous flows and floating bodies with a good accuracy.
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Sun et al. (2015a) presents an algorithm to improve the accuracy and stabil-
ity of violent Fluid–Solid interaction problem by using the method presented
by Bouscasse et al. (2013) with modified boundary condition based on the
model presented by Adami et al. (2012).
The improved dummy particle technique for boundary treatment proposed
by Sun et al. (2015a) agrees well with both experimental data and other
numerical results, where trajectory of the floating body in the fluid is well
captured, in terms of violent fluid–solid interactions. Therefore, their bound-
ary method for treating fluid–solid interactions is adopted to deal with the
solid wall boundary in this thesis.
2.9 Inflow/Outflow condition
Currently, three types of methods can be found in the literature for open
boundary conditions. The most common method is the buffer particle
method (Khorasanizade and Sousa, 2016, Klapp and Sigalotti, 2017, Pahar
and Dhar, 2017, Vacondio, 2012). In this method, several layers of buffer
particles are placed outside of inflow/outflow boundaries. The physics quan-
tities of these buffer particles are prescribed by the given value and move
according to the imposed velocity. Once the buffer particles enter the com-
putational domain from inflow boundary, they are marked as fluid particles
and move freely. When the fluid particles pass through the outflow bound-
ary, it will be marked as a buffer and move at a specified velocity. This
sudden change, turns a buffer particle into a fluid particle, could lead to a
spurious shock wave. Moreover, in this method, open boundary conditions
with complex geometric conditions cannot be solved.
Kunz et al. (2016) proposed an inflow/outflow method based on the mirror
particle method, which can realize the real Dirichlet boundary conditions.
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However, this method is only applicable to ISPH. Because the ISPH pres-
sure field is independent of density, which leads to the specified pressure at
open boundary, is possible.
Ferrand et al. (2017) proposed a method that deals with open boundary con-
ditions using the semi-analysis scheme with Riemann solver. By using this
method, it is possible to implement both Dirichlet and Neumann conditions
at open boundaries without experiencing a spurious shock wave during the
fluid particle enter/leave the system. This method requires to calculate the
analytical value of renomrlization factor γ to avoid fluid particles to pene-
trate walls. Mayrhofer et al. (2015b) proposed a method to calculate the
γ based on the integral of the Wendland kernel over a triangular element,
which leads to 8 triangle / sphere intersection domain decomposition algo-
rithms, which requires more computational resource. The only exception is
the plane / sphere intersection case that then the γ can be computed easily.
Therefore, this dissertation proposes an open boundary condition
that based on the semi-analytical method, this method only needs
to calculate the plane / sphere intersection case, and coupling with
the dummy boundary particle method to deal with the complex at
open boundary geometry. The detail of this method will be presented
in chapter 3.
2.10 Interaction Between Solid and Solid
Discrete lement Method is one of the most commonly used numerical meth-
ods for tracking particle trajectories in a system and have been applied to a
wide range of application such as granular flows, rock mechanics, and pow-
der mechanics (J.A.C. et al., 1992, P.A. and O.D.L., 1979, P.K. and B.T.,
1986, Walton and Braun, 1986). In DEM, each solid object is considered
as an individual entity, and the motion of the object depends on its own
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velocity, which is dominated by the force model. And according to Kruggel-
Emden et al. (2008), the DEM method is capable of ensuring computational
efficiency for contact detection and force calculation of complex shapes by
using the multi-shpere method (i.e. an object with complex shape repre-
sented by multiple spherical particles).
Both SPH and DEM are Lagrangian frames, so the coupling between these
two approaches is straightforward. Therefore, the most common method to
deal with the interaction between solids and solids in SPH is by coupling
with DEM.
The most common way of coupling DEM with SPH is by applying the
dummy particle methods on DEM object (Canelas et al., 2013, 2016, Potapov
et al., 2001, Ren et al., 2013, 2015, Sarfaraz and Pak, 2017, Sun et al., 2013,
Wu et al., 2016). In this method, the dummy particles are filled inside the
surface of DEM object/particle, and these dummy particles serve as inter-
mediate to exert the hydrodynamic force on the DEM object.
Potapov et al. (2001) is the first one, who developed the SPH-DEM model.
In their model, the no-slip condition is implemented in the surface of DEM
object. The velocity of dummy particle boundary is interpolated through
the nearby fluid particles and the surface of the DEM object, while the den-
sity stays unchanged. Canelas et al. (2013) uses a similar scheme, but allows
the density of dummy particle boundary to evolve during the simulation to
achieve higher accuracy. Ren et al. (2013) applied Riemann solver to address
the interaction force between solid and fluid phase to increase the accuracy.
In Sun et al. (2013), DEM and SPH are coupled by using local averaging
technique. They develop a variational approach model to ensure conserva-
tive momentum exchange between DEM-SPH. The dummy particle bound-
ary might cause SPH suffer from abnormally high density gradients Go´mez-
Gesteira et al. (2005). Therefore, Ren et al. (2015) used density buffers from
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mean densities of fluid particles to eliminate high density gradient problems.
Wu et al. (2016) uses bonded DEM particles to study deformation and fail-
ure of the structure. In their model, the DEM particle’s position evolved
according to the hydrodynamic force. Where the bonded particle can be
separated when the force exceeds the limit. Their model successfully cap-
tures the deformation and failure of the structure due to the hydrodynamic
force. Robb et al. (2016) use SPH-DEM model to capture the accumulation
of spherical ice particles at river channel due to cylindrical piles.
Based on Canelas et al. (2013)’s work, Sarfaraz and Pak (2017) presented a
SPH polyhedral DEM scheme to investigate the hydraulic stability of rock
and concrete blocks. Nassauer et al. (2016) proposed a model that cou-
ples SPH with polyhedral DEM particles. In this model, the repulsive force
boundary treatment is applied on the DEM polyhedral object. And the
position of the boundary particles of the DEM particles is varied based on
the relative position of the SPH particle that is inside the DEM particle’s
support domain.
Robinson and Ramaioli (2011) develop a mesoscale SPH-DEM model, which
uses an unresolved fluid model based on the locally averaged Navier Stokes
equations. In their model the fluid particle of SPH can be larger than the
DEM particles, which is very useful for solving problems such as fluidized
bed that the granular particle in the system is too small to fully discretized
with dummy particle method. Robinson et al. (2014) based on Robinson
and Ramaioli (2011)’s model, developed a mesoscale multiphase SPH-DEM
model, which successfully reproduce sedimentation of a homogeneous porous
block and an inhomogeneous Rayleigh Taylor Instability.
Although DEM is suitable for obtain the collision force between two com-
plex shapes, which are the floating body in the current work, from author’s
knowledge, it is still challenge to accuracy predict the deformation of the
structure due to the impact of floating bodies. While the FEM has been
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widely applied to study the deformation of the materials due to the collision.
For example, Carlebur (1995) has carried out a series of experiments of full-
scale collision between two ships, in which the bow of the rigid striking ship
hitting and penetrating the side of deformable struck ship, and the finite
element program MSC/DYNA is used to reproduce the collision process,
and the numerical results are compared with the experimental results in
terms of maximum penetration depth and contact force. Haris and Amdahl
(2012) use FEA software LS-DYNA to simulate the scenario of the collision
between a rigid striking bow and a ductile ship side structure. And they
presented a new formula to determine the force of shell plating loaded by
the general shape of a striking bow. And as stated by Kitamura (2002),
the FEM is the most powerful approach to study the collision to the hull
structures at present.
2.11 Summary
The traditional methods for determining flood forces, as described in section
2.1, have multiple drawbacks on solving the impact of floating bodies on the
structure. Which including the traditional method is limited to solving the
impact between simple geometry of both floating bodies, difficult to predict
the impact of the flows on the structures during flooding, not able to capture
the trajectory of the floating body during flooding and interaction between
floating body and fluid and not able to predict the flow. Meanwhile, numer-
ical approaches have been widely applied to the aforementioned difficulties
that traditional method encountered. However, as mentioned in this sec-
tion, there is not a single numerical method that is suitable to solve all the
physics of the impact of floating bodies on buildings and structures during
flooding. The SPH apparently has its advantage of treating free surface flow
and solving interaction between floating bodies and flow. At meanwhile, the
DEM is suitable for solving the collision between floating bodies and struc-
ture and tracking the dynamics of floating bodies. While the FEM has its
advantage in solving deformation of structure due to the impact of float-
ing bodies and flood loads. Therefore, in the current work an SPH-DEM
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model is presented to solve the impact of floating bodies on buildings and
structures during flooding. And FEM is applied to analysis the deformation
of the structure due to the impact. Fig. 2.5 shows the current coupling
framework of the SPH-DEM-FEM coupling model.
Figure 2.6: The current framework of the numerical model.
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3.1 Overview
This section describes the formulation of WCSPH that the fluid is considered
as weakly compressible flow, the boundary conditions, the implementation
of rigid bodies in SPH, the SPH coupling with DEM and the time integra-
tion scheme.
3.2 SPH Basic Formulation
3.2.1 Governing Equation of Weakly Compressible Flow
The continuity equation and momentum equation in Lagrangian form are
as follows:
The continuity equation:
Dρ
Dt
= −ρ∇ ·v (3.1)
where ρ, t,v denote density, time and velocity.
28
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The momentum equation:
ρ
Dv
Dt
= ∇σ + FB (3.2)
where σ and FB denotes stress tensor and body force. The body force in
this thesis is ρg, where g denotes gravity. The stress tensor is defined as
follows:
σ = −P I + η{−2
3
(∇ ·v)I + (∇v +∇vT )} (3.3)
where P is pressure, I is identity tensor and η is dynamic viscosity. In WC-
SPH, the pressure is calculated by using the equation of state. The most
common choice of equation of state is Tait’s equation of state that a small
change in density can cause a great variation in pressure. The Tait’s equa-
tion of state, according to Macdonald (1966), is given as:
P =
ρ0c
2
0
γ
[(
ρ
ρ0
)γ − 1] (3.4)
where ρ0, c0 and γ denote the reference density, the reference speed and the
polytropic constant, respectively. For water, it is common to set the refer-
ence density ρ0 = 1000kg/m
3 and polytropic constant γ = 7. The speed of
sound c0 plays an important role in determining the compressibility of the
fluid. However, based on the Courant-Fredrich-Levy(CFL) condition, when
choosing the actual value of the speed of sound as reference speed (the max-
imum expected flow speed), the time step becomes very small and increase
computational cost. Monaghan (1994) recommends that the reference speed
can be set to 10 times the maximum velocity fluid, which limits the density
fluctuation less than 1% and allows the SPH to take larger time step. The
mathematical expression of the choice of the sound speed is given by
max(
V 2max
c20
,
gH
c20
) < 0.01 (3.5)
where Vmax is the maximum velocity of the entire system and H is the max-
imum height of fluid.
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3.2.2 Kernel Approximation
The kernel approximation of SPH is based on the integration of an identity
function f(x),
f(x) =
∫
Ω
f(x′)δ(x− x′)dx′ (3.6)
where f is a function based on the position vector x, while x′ denotes the
material positions in the compact supported domain and δ(x− x′) denotes
the Dirac delta function, which is given by
δ(x− x′) =
1 x = x′0 x 6= x′ (3.7)
Replacing the Dirac delta function with a smoothing kernel function, W ,
the equation 3.6 can be written as
f(x) ≈< f(x) > .=
∫
Ω
f(x′)W (x− x′, h)dx′ (3.8)
where angle bracket <> is conventional notation of kernel approximation
operator in SPH literature and h is kernel length.
By applying Taylor series, the Eq. 3.8 becomes
< f(x) > =
∫
Ω
[f(x) + f ′(x)(x′ − x) + r((x′ − x)2)]W (x− x′, h)dx′
= f(x)
∫
Ω
W (x− x′, h)dx′
+ f ′(x)
∫
Ω
(x′ − x)W (x− x′, h)dx′ + r(h2)
(3.9)
If W is chosen to be an even function with respect to x, it is straightforward
to obtain
∫
Ω
(x′ − x)W (x− x′, h)dx′ = 0 (3.10)
By applying Eq. 3.8 and 3.10 into Eq. 3.9, Eq. 3.9 becomes
< f(x) >= f(x) + r(h2) (3.11)
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Eq. 3.11 showing that the integral representation of a function based on
kernel approximation is a second order accuracy in SPH method.
Based on the same method, the gradient of f(x) in the support domain can
be written as
∇f(x) ≈< ∇f(x) >=
∫
Ω
∇f(x′)W (x− x′, h)dx′ (3.12)
By applying integration by parts, the Eq. 3.12 can be rewritten as
∇f(x) ≈
∫
S
f(x′)W (x− x′, h)ndS −
∫
Ω
f(x′)∇W (x− x′, h)dx′ (3.13)
where S is the surface of the domain Ω. If the kernel function W is a
compact function, which its value equal to zero at the S, then Eq. 3.13 can
be simplified as follows
∇f(x) ≈ −
∫
Ω
f(x′)∇W (x− x′, h)dx′ (3.14)
By applying the same method, the approximation of∇ · f(x) can be obtained
as follows
∇ · f(x) ≈< ∇ · f(x) >=
∫
Ω
f(x′) ·∇W (x− x′, h)dx′ (3.15)
In SPH, the entire system is discritized by a finite number of particles that
carry physics quantities and occupy individual space. According to particle
approximation method suggested by Liu and Liu (2003), x and x’ are re-
placed finite point xa and xb, and the continuous integration above can be
converted to the particle approximation integration form as follows:
f(xa) =
∑
b
f(xb)W (xa − xb, h)Vb
∇f(xa) =
∑
b
f(xb)∇W (xa − xb, h)Vb
∇ · f(xa) =
∑
b
f(xb) ·∇W (xa − xb, h)Vb
(3.16)
where a represents the concerned particle and b is a particle in the support
domain of particle a. V is the volume of the particle which can be calculated
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by V = m/ρ.
The SPH operator in Eq. 3.16 can be directly applied to obtain the govern-
ing equation in SPH form. However, Monaghan, J. (1992) suggests that the
SPH operator that is the derivative of the alternative terms of ∇f , such as
ρ[∇ · (f(x)ρ )+ f(x)ρ2 ·∇ρ], can conserve the linear and angular momentum if the
kernel length is a constant or a symmetric function of a and b. Therefore,
it is preferable to use an alternative term of ∇f to construct SPH operator.
By using the alternative forms of ∇f and method mention above to obtain
the SPH operator (Eq. 3.16), the most common form of SPH operator in
the SPH community can be obtained as follows:
GradaAb ≡ ρa
∑
b∈F
mb(
Aa
ρ2a
+
Ab
ρ2b
)∇wab
DivaAb ≡ − 1
ρa
∑
b∈F
mb(Aab) ·∇wab
(3.17)
Eq. 3.17 is a general form of the SPH operator that is most often used
in weakly compressible SPH method in literature. Where Grada and Diva
stand for gradient operator and divergence operator, respectively. Since
Laplacian operator 4f is equal to ∇ ·∇f , the SPH Laplacian operator Lapa
can be defined as
Lapa(Bb, Ab) ≡ ρa
∑
b∈F
mb
Bb +Ba
ρaρb
Aab
r2ab
rab ·∇wab (3.18)
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3.2.3 Kernel Choice
Liu and Liu (2003) suggests that a kernel function suitable for SPH should
satisfy the following conditions.
Unity :
∫
Ω
W (x− x′, h)dx′ = 1
Compactly support : W (x− x′) = 0, for |x− x′| > κh
Positive : W (x− x′) ≥ 0,when x′ inside Ω
Delta function properties : lim
x→∞W (x− x
′, h) = δ(x− x′)
Normalization :
∫
Ω
W (x− x′)dx′ = 1
Decay : W (x− x′)−W (x− x”) > 0
, when |x− x′| < |x− x”|
(3.19)
Any function that meets the requirement mentioned above can be used as
kernel function. Several different kernel functions, including Gaussian ker-
nel, B-spline and Wendland kernels, have been widely employed in the dif-
ferent SPH application. Mayrhofer et al. (2015b) suggests that when the
semi-analytical method is employed for dealing with boundary, the trunca-
tion error of calculating∇γ and γ (the renormalized factor) numerically may
cause fluid particles to penetrate the boundary. Thus, they suggest to cal-
culate ∇γ and γ analytically when the semi-analytical method is employed.
The analytical ∇γ and γ can be calculated by integrating the kernel function
over the boundary, which appears in a fluid particle’s support domain. How-
ever, as appendix A shows, it is impossible to obtain an analytical function
to calculate γ when Gaussian kernel is chosen. And analytical function for
calculating γ and ∇γ constructed by using piecewise polynomial functions
are over complicated to implement. Therefore, the only choice for the kernel
function from the literature is Wendland kernel.
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The Wendland kernel meets all the requirements of SPH kernel function. Be-
sides that, Dehnen and Aly (2012), Macia Lang et al. (2011) mentioned that
when using Wendland kernel function to construct SPH governing equation,
the problem of paired instability of particle clustering in the simulation
process can be avoided. Moreover, the Wendland kernel is considered as
the best balance between accuracy and computational cost (Panizzo et al.,
2007). Most importantly, it is suitable to derive the function to calculate
∇γ and γ analytically.
Therefore, the Wendland kernel is used exclusively to construct all the work
in this thesis. The Wendland kernel can be written as
W (x− x′, h) =
αd(2q + 1)(1−
q
2)
4, 0 ≤ q ≤ 2
0, else
(3.20)
Its derivative is
∇W (x− x′, h) =

αd
h (−5q(1− q2)3), 0 ≤ q ≤ 2
0, else
(3.21)
where αd =
7
4pi in two dimensional and αd =
21
16pi in three dimensional and
d denotes the dimension of system. And h is the smoothing length, while q
is a dimensionless value which is defined as:
q =
x− x′
h
(3.22)
The smoothing length is chosen based on the default distance of particles
∆x as:
h = whδx (3.23)
wh is a value that will affect the radius of the support domain. Commonly,
it is chosen as wh = 1.3, which respectively gives 21 neighboring particles
in 2D and 71 neighboring particles in 3D. This value is considered as best
value balancing number of interacting particles and the computational cost.
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Figure 3.1: Values of the Wendland kernel and its derivative divided by
αd and
αd
h respectively.
3.2.4 Governing Equation in SPH Form
By applying SPH operator in Eq. 3.16 and Eq. 3.17 to governing equation
3.1 and 3.2, the governing equation in SPH form can be obtained as follows
Dρa
Dt
= −ρaDiva(ub)
Dua
Dt
= − 1
ρa
Grada(Pb) +
1
ρa
Lapa(µb, ub) + g
(3.24a)
which can be written as
Dρa
Dt
=
∑
b∈F
mb(ua − ub) ·∇wab
Dua
Dt
= −
∑
b∈F
mb(
Pa
ρ2a
+
Pb
ρ2b
)∇wab +
∑
b∈F
mb(
µa + µb
ρaρb
)
uab
r2ab
·∇wab + g
(3.24b)
Eq. 3.24(a) is the most commonly used form of the governing equation of the
weakly compressible SPH model, in which the density of particles is based on
the velocity difference between current particle and its neighboring particles.
The acceleration of particle a is dominated by the pressure of particle a and
its neighboring particle b.
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3.3 Boundary Condition
The boundary conditions in SPH consisted of the free surface boundary con-
dition and the solid wall boundary condition. The free surface boundary con-
dition has to satisfy both free surface kinetic boundary condition (FSKBC)
and free surface dynamic boundary condition (FSDBC). The FSKBC is the
boundary condition of free surface movement of the flow. The velocity of
fluid particles at the free surface is equal to the velocity of the free sur-
face. And the FSDBC is the dynamic boundary condition of free surface,
means that the pressure of fluid particles at the free surface is equal to the
atmospheric pressure.
According to Colagrossi et al. (2009) and Violeau and Rogers (2016), due
to the Lagrangian nature, the FSKBC can be satisfied without additional
treatment in WCSPH, the particles at free surface always remain at free
surface. While for FSDBC, due to lack of particles above the free surface,
the pressure at free surface is automatically set to zero by the equation of
state in WCSPH framework. Consequently, the WCSPH does not require
any additional free surface boundary conditions.
The dummy particles method is one of the most robust boundary treatment
in WCSPH framework. In this method, three to four layers of fictitious
particles are deployed outside of the fluid domain and adjacent to a solid
boundary as shown in Fig. 3.1. These fictitious particles are called dummy
particles, and their position evolves according to the motion of the wall
boundary. The physical properties of these dummy particles do not evolve
according to time, but interpolate through the fluid particles that is inside
their support domain. Following (Adami et al., 2012, Sun et al., 2015b), the
pressure of the dummy particles can be calculated as follows,
Pw =
∑
F PFWwF −
∑
F (ρFg + Fv − ρFaw) ·xwFWwF∑
F WwF
(3.25)
where (.)w and (.)F denotes the dummy particle and fluid particle respec-
tively, while aw denotes the acceleration of the dummy particle. For the
velocity assigned to dummy particles, the method proposed by Sun et al.
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Figure 3.2: Illustration of dummy particles boundary conditions that
the full kernel support Ω is filled even with the presence of the boundary
δΩb.
(2015b) is applied as follows:
free− slip : uF − uw = 0
no− slip :
{
uw ·ns = uext ·ns
uw · ts = (2uB − uext) · ts
(3.26)
where the uext is defined as
uext =
∑
F uFWwF∑
F WwF
(3.27)
and ns and ts is the normal direction and the tangential direction on the
solid boundary surface. uB is the velocity of solid boundary.
3.4 Open Boundary Condition
When it comes to the large-scale flow simulation, the open boundary con-
dition becomes necessary. The simplest way to deal with open boundary
condition in SPH is by using buffer layers method developed by Vacondio
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(2012). However, as explained by Vacondio (2012), this method might create
the spurious shock when the buffer particles suddenly turns into fluid parti-
cle during simulation. Moreover, this method is not capable to treat the inlet
when the flow direction is not parallel to the normal of the inlet boundary.
Another method to deal with open condition is the Semi-analytical method
proposed by Ferrand et al. (2017), Leroy et al. (2014), M.Ferrand et al.
(2011). In this method, Eulerian particles evolve at the open boundaries.
And the mass of these Eulerian particle is evolving based on the inflow/out-
flow condition applied at the open boundaries. When the mass of Eulerian
particles is above over the assigned threshold, then a fluid particle is released
at the location of the Eulerian particle. When an outgoing fluid particle
exit from a fluid domain, it is dispatched over the Eulrerian particles. This
method can avoid the spurious wave problem and allows treatment of open
boundaries in a unified way. Therefore, in order to treat the open boundary,
the semi-analytical method is employed.
3.4.1 Semi-analytical Method
The boundary of a three dimensional geometry is two dimensional. And
the most basic bounded two dimensional element is the triangular element.
Therefore, the boundary element of semi-analytical method in 3D in this
work is triangular element. In the Semi-analytical method, boundaries are
discretized by a set of vertex particles v where the properties of the vertices
is denoted by (.)v. The vertex are connected to boundary segments s and
connected by three vertex particles as Fig. 3.3 (a) shows, where the prop-
erties of the segments is denoted by (.)s. An additional field variable γ is
introduced to address the boundary term. The γ refers to the part of kernel
support that is inside the support domain as shown in Fig. 3.3b, and is
defined as:
γa ≡
∫
Ωa∩Ω
w(ra − r)dr (3.28)
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Figure 3.3: Illustration of semi-analytical boundary condition with trun-
cated kernel support domain Ω∗ with presence of the boundary δΩb.
The gradient of γa is given by:
∇γa ≡
(∫
s
w(r)dS
)
ns (3.29)
Following (Mayrhofer et al., 2015b), when the support domain of a fluid
particle intersects a flat wall in 3D, its analytical value of γa and ∇γa can
be calculated as
γa = 1− 1
512
(2− d)6(4 + 6d+ 3d2)
∇γa = αd 2
7
pi(2 + 5d+ 4d2)(1− d
2
)5ns
(3.30)
where d is the distance between the particle and wall and ns is the surface
normal vector that points inwards from the domain. It is worth noting that
the above formula is derived from the Wendland kernel and applies only
to applications that use the Wendland kernel. When the Semi-analytical
method is introduced, the SPH operator in Eq. 3.16 and 3.17 have to be
modified as follows
Gradγa(Ab) ≡
ρa
γa
∑
b∈F
mb(
Aa
ρ2a
+
Ab
ρ2b
)∇wab
− ρa
γa
∑
s∈δ
(
Aa
ρ2a
+
As
ρ2s
)ρs∇γas
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Divγa(Ab) ≡ −
1
ρaγa
∑
b∈F
mb(Aab) ·∇wab
+
1
γa
∑
s∈δ
uas ·∇γas (3.31)
Lapγa(Bb, Ab) ≡
ρa
γa
∑
b∈F
mb
2BaBb
Ba +Bb
Aab
r2ab
rab ·∇wab
− 1
γa
∑
s∈δ
(Bs∇As +Ba∇Aa) ·∇γas dotted
As explained by Leroy et al. (2014), M.Ferrand et al. (2011) and Ferrand
et al. (2017), the two boundary terms (Bs∇As + Ba∇Aa) in the Laplacian
operator of Eq. 3.31 is the flux at the boundary. As the current approach is
the first order approximation, the two boundary terms can be replaced by
2|∇γas|Bs∇As ·ns when a Neumann boundary condition is imposed. And
when a Dirichlet condition is imposed, the two boundary terms can be re-
placed by −2|∇γas| 2BaBsBa+Bs /(ras ·ns).
The governing equation of the current SPH model will become
Dρa
Dt
= −ρaDivγaa (ub)
Dua
Dt
= − 1
ρa
Gradγaa (Pb) +
1
ρa
Lapγaa (µb, ub) + g
(3.32)
By using the divergence-operator definition, the continuity equation of Eq.
3.32 can be rewritten as
dρa =
1
γa
∑
b∈P
mb∇wab ·uabdt− ρa
γa
∑
s∈δ
∇γas ·uasdt (3.33)
However, the above continuity equation does not consider the situation that
is at the open boundary, the particle velocity va =
dr
dt (i.e. the Lagrangian
derivative of the position) and fluid velocity ua (i.e. the velocity field at
position ra) are not equivalent. This leads to density errors and spurious
shock waves when particles are produced or deleted on the open boundary.
Therefore, to stop introducing errors on the density at each time step, it is
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necessary to rewrite the Eq. 3.33 as:
dρa =
1
γa
∑
b∈P
mb∇wab ·uabdt
− 1
γa
∑
v∈V i/o
mv∇wav · (uv − vv)dt
− ρa
γa
∑
s∈δ
∇γas ·uasdt
+
ρa
γa
∑
s∈δi/o
∇γ · (us − vs)dt.
(3.34)
where the vertex and segments belong to the open boundaries are denoted
by vi/o and δi/o, respectively. (.)P denotes both fluid and solid particles. Fol-
lowing (Ferrand et al., 2017), the time integration of the continuity equation
above gives us:
ρn+1a =
1
γn+1a
γna ρ
n
a +
∑
b∈Pn
mnb (W
n+1
ab −Wnab)
+
∑
v∈V i/o
mnv [W
n
av −W (rnav + δri/ov )]
+
ρna
2
∑
s∈δi/o
[∇γas(rnas + δri/os ) +∇γas(rnas)] · δri/os
(3.35)
where δr
i/o
v ≡ 4t(uv − vv) and δri/os ≡ 4t(us− vs). The velocity of triangle
segments above is defined by us = (uv1 + uv2 + uv3)/3, where uv1, uv2 and
uv3 denote the three connected vertices of a triangular segments s as Fig.
3.3 (b) shows.
3.4.2 Update Mass of Vertex
To ensure the mass change smoothly, the mass of vertex particles at the
open boundaries is calculated according to desired mass fluxes through the
open boundary m˙v, which can be calculated through the mass fluxes of the
connected segment s. When a vertex is connected with triangle elements at
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the open boundaries, the mass changed of the vertex can be calculated as:
m˙v =
1
3
∑
s∈N i/osv
ρsAs(us − vs) ·ns for v ∈ V i/o (3.36)
where N
i/o
sv is the segments that connoted with the concerned vertex V ,
while As is the area of the triangular segment. And the mass of the vertex
at the open boundaries are updated according to
mn+1v = m
n
v +4tm˙vn (3.37)
For the inlet boundary, when the mass of a vertex on open boundaries
reaches the threshold value θvmref , then a fluid particle is created and re-
leased on the position of the vertex. And at mean time, the mass of the
created fluid particle is subtracted from the vertex on open boundaries.
Where θv is defined as the open angle of the vertex divided by 2pi, which is
0.5 for a plane boundary, and mref is the mass of a fluid particle. In the
outlet case, when a fluid particle passes through the outlet boundary seg-
ment, the fluid particle is removed and its mass is dispatched to the vertex
connected to the segments by a weight βa,v. Following (Leroy et al., 2016),
the weight βa,v is given as:
βa,v0 =
0.5[P2 × rv2v1 ] ·ns
0.5[rv0v1 × rv0v2 ] ·ns
βa,v1 =
0.5[P0 × rv0v2 ] ·ns
0.5[rv0v1 × rv0v2 ] ·ns
βa,v2 =
0.5[P1 × rv1v0 ] ·ns
0.5[rv0v1 × rv0v2 ] ·ns
(3.38)
where Pi is the projection vector of ravi , while rab is defined as the vector
from particle a to particle b. The masses of vertex particles at the open
boundaries are updated as:
mn+1v = m
n
v +4tm˙vn + δmnv for v ∈ V i/o (3.39)
where δmv is the mass variation due to the created/removed fluid particles.
It is worth to mention that, in order to keep the mass conservation during
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a time step, Eq. 3.38 is added to the end of each time step.
3.4.3 Imposing Pressure and Velocity
At the open boundaries, either pressure or velocity is given. The quantity
that is not given required to be computed by using Riemann invariants.
As WSPH is adopted, the boundary conditions can be derived by using
linearized Riemann problem. Since WCSPH is barotropic fluid and the
chosen reference speed of sound is significantly larger than the flow velocity,
it is suitable to adopt the approach proposed by Blondel et al. (2013).
3.4.3.1 Imposing Velocity
When the Neumann velocity condition is imposed on open boundary, the
given velocity is directly assigned to the vertex while the velocity of segments
is calculated from the connected vertex as follows:
us =
1
Nvs
∑
v∈Nvs
uv (3.40)
where Nvs is the number of connected vertices, for a triangular segment
Nvs = 3. This value will be set to the velocity of external state that uext =
us. Where (.)ext and (.)int denotes the external and the internal state of
the quantity at the open boundary. The velocity of the internal state is
extrapolated as:
uint =
1
αs
∑
b∈F
Vbubwbs (3.41)
where as is defined by :
αs =
∑
b∈F
Vbwbs (3.42)
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Similarly, the pressure of the internal state is extrapolated as:
Pint =
1
αs
∑
b∈F
VbPbwbs
ρint = EOS
−1(Pint) = ρ0(Pint
γ
ρ0C20
+ 1)
1
γ
(3.43)
where EOS is the equation of state defined by Eq. 3.4.
To calculate the external state of pressure Pext, it is necessary to consider
that there is an interface between internal state and external state of the
open boundary. Based on the discontinuity between two states and assump-
tion of the 1D problem of open boundary, the Riemann problem is employed
to find the external state of pressure. The solution can be divided into three
possible types of discontinuity, which are expansion wave, shock wave and
contact wave. The external state of pressure, according to the three states,
can be calculated as follows:
Expansion wave : ρext,e = ψ
−1(ψ(ρint) + uext − uint)
Shock wave : ρext,s = EOS
−1(Pint + ρintuint(uint − uext))
Contact discontinuity : ρext,c = ρint
(3.44)
where ψ is defined as:
ψ(ρ) =
2c0
ζ − 1(
ρ
ρ0
)
ζ−1
2 for ζ > 1
ψ(ρ) = c0ln(
ρ
ρ0
) for ζ = 1
(3.45)
after finding all three external states of pressure. The proper external pres-
sure is chosen by using following relations:
Expansion wave : uext + c(ρext,e) ≤ uint + c(ρint)
Shock wave : uext + c(ρext,s) > uint + c(ρint)
Contact discontinuity : uext + c(ρext,e) >
uint + c(ρint) ≥ uext + c(ρext,s)
(3.46)
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where the uext and uint are calculated by using Eq. 3.40 and Eq. 3.41
respectively. The function c(x) is a speed of sound as a function of density
defined by
c(ρ) = c0(
ρ
ρ0
)
ζ−1
2 (3.47)
By applying Eq. 3.40 into Eq. 3.47, one can obtain the external state of
pressure Pext. This value then is prescribed to the pressure of segments
Ps. And at the end, the pressure of a vertex is calculated by averaging the
surrounding segments as:
Pv =
1
Nvs
∑
s∈Nvs
Ps (3.48)
3.4.3.2 Imposing Pressure
The procedure to impose the pressure condition is similar to impose velocity
conditions as above. However, the pressure is given, while the rest of the
quantities need to be computed by using Riemann invariants. For Neumann
pressure condition, the given pressure is directly prescribed to the vertex and
considered as the external state of pressure Pext = Pv. Then the pressure of
the segments is computed through the connected vertex as follows:
Ps =
1
Nvs
∑
s∈Nvs
Pv (3.49)
The velocity and pressure at internal state can be calculated as Eq. 3.41
and Eq. 3.43, while the velocity at external state is computed by
Expansion wave : uext,e = uint + ψ(ρext)− ψ(ρint)
Shock wave : uext,s = uint +
Pint − Pext
ρintmax(uint, 10−5 ∗ c0)
Contact discontinuity : uext,c = uint
(3.50)
When the three states of velocity at external state are known, the proper
uext is determined by using Eq. 3.46. This value will then be prescribed to
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the velocity of vertex that uv = uext, and velocity of the segments at the
open boundary is then computed by using Eq. 3.40.
3.5 Motion of a solid body
The motion of a solid body at a free surface can be divided into translational
velocity and rotational velocity. The conservation equations of momentum
and moment of momentum of the solid body are given as follows(Oger et al.,
2006a),
DUc
Dt
=
Fsolid−body
Mc
+ g
DΩc
Dt
=
Tsolid−body
Ic
(3.51)
where Fsolid−body and Tsolid−body denote the total force and torque applied
to the solid body. Uc,Ωc,Mc and Ic denote translational velocity, rotational
velocity, mass, and moment of inertia from the center of gravity of the
solid body. For a solid object, a boundary condition is required to avoid
fluid particles penetrating the surface of the solid body. Thus, the dummy
boundary particle technique mentioned in section 3.2 is applied to the solid
object that a solid body is represented by a set of dummy particles inward
to the solid body’s surface. The resultant forces and the resultant toques
applies to the solid body by the fluid particles can be calculated as follows
Sun et al. (2015a):
Fsolid−body = Ffluid−solid
=
∑
a∈fluid
∑
b∈solid
−[−(V 2a + V 2b )P˜ab] + F vab
Tsolid−body = Tfluid−solid
=
∑
a∈fluid
∑
b∈solid
−(xa + xb
2
− xc)× [−(V 2a + V 2b )P˜ab] + F vab
(3.52)
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where Ffluid−solid and Tfluid−solid denote the resultant force and resultant
torque between fluid and solid body and P˜ab is defined by 2PaPb/(Pa +Pb),
while F vab is the viscous force between a pair of interacting fluid particle
and dummy particle. As a rigid body, the relative position between a solid
body’s center of gravity and those dummy boundary particles that filled in-
side the solid body remain unchanged during entire simulation. Therefore,
the position, velocity and the acceleration of each boundary particles of the
solid body are described as follows:
Dx
Dt
= ub
ub = Uc + Ωc × (xb − xc)
ab =
DUc
Dt
+
DΩc
Dt
× (xb − xc) + Ωc × (ub − Uc)
(3.53)
The velocity ub is used for updating the position of the particles, while the
acceleration ab is used in Eq. 3.25 as the acceleration of the dummy particles.
3.6 Discrete Element Method
The above SPH formulation has addressed the fluid-solid interaction, yet the
interaction between solid and solid remains unsolved. Since both SPH and
DEM are Lagragian approaches, it is straight forward to couple these two
methods. Therefore, in this work to prevent a solid body from penetrating
or overlapping with another solid body, the DEM method is employed. In
DEM, the multisphere approach is one of the most straightforward way to
model a rigid body with complex shape. In this approach, the boundary
surface is filled with a set of spherical subshapes as Fig. 3.4 shown. These
spherical subshapes serve as medium to compute overlapping and contact
force of two collide objects. In general, the multisphere DEM approach
consists of following three steps:
1. Calculating the overlapping of two subshapes that belongs to two solid
bodies.
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2. Calculating the contact force between two solid objects based on the
force model.
3. Time integration of entire system.
(a)
(b)
Figure 3.4: (a) a cylinder object with surface mesh. (b) an example of
a cylinder object constructed with the multisphere method.
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Figure 3.5: Contact configuration of two spherical subshapes.
In the DEM model, the contact force of two overlapping subjects can be
decomposed into FDEMn and F
DEM
t , which is normal and tangential compo-
nents respectively. In this work, the non-linear, Hertzian model (Kuwabara
and Kono, 1987) is employed to determine the normal contact force as fol-
lows:
FDEMn = knδ
3/4
n eˆ− γDEMδ1/4n δ˙neˆ (3.54)
where kn denotes stiffness, δn denotes overlapping in normal direction, eˆ
denotes the unit vector between two over lapping subshapes and γDEM
denotes the damping constant. The first term and second term of Eq. 3.54
is elastic term and dissipative terms, respectively. The stiffness and damping
constant are defined by
kn =
4
3
E∗
√
R∗;
γDEM = Cn
√
6M∗E∗
√
R∗;
(3.55)
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where Cn is equal to 10
−5. The other parameters are given as follows:
1
E∗
=
1− ν2a
Ea
+
1− ν2b
Eb
R∗ =
RaRb
Ra +Rb
M∗ =
MaMb
Ma +Mb
(3.56)
where E and ν is Young modulus and Poisson ratio, respectively, while R is
the radius of the spherical subshape.
Regarding tangential contacts force Ft
DEM , it is predicted from the static
friction between two spherical subshapes and is limited by the dynamic
friction force. This is given as follows:
FDEMt = min(static friction, dynamics friction) (3.57)
The static friction of the model is the viscous damping force, and the dy-
namic friction is based on Coulomb’s law of friction. Hence, in this study,
the tangential force FDEMt is given as follows
FDEMt = min(ctδ˙, µF
DEM
n )tˆ (3.58)
where ct and µ is the tangential damping coefficient and Coulomb’s friction
coefficient, respectively. δ˙ is the relative tangential velocity.
3.6.1 Coupling with SPH
To reduce the memory consumption and ease the difficulties of coupling, the
dummy boundary particles in section 3.2 are directly used as the spherical
subshpaes of DEM. When the DEM model is included, an additional contact
force term has to be introduced to the Eq.3.36
Fsolid−body = FDEM + Ffluid−solid
Tsolid−body = TDEM + Tfluid−solid
(3.59)
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where FDEM term denotes the total contact force computed by the DEM
model while TDEM term denotes the total torque computed by the DEM
model. They are defined as follows.
FDEM =
∑
a∈solid
∑
b∈solid
(Fn
DEM
ab + Ft
DEM
ab )
TDEM =
∑
a∈solid
∑
b∈solid
(Fn
DEM
ab + Ft
DEM
ab )× (xa − xb)
(3.60)
3.7 Time Integration
Considering that when the semi-analytical method is employed for the open
boundary problem, to calculate the γ mentioned in (section 3.31) becomes
most computational costly part of the program. Therefore, it is more ap-
propriate to follow the time integral scheme suggested by Ferrand et al.
(2017). That in a time step, γ only needs to be calculated once. The time
integration scheme in this thesis is arranged as
Dua
Dt
= − 1
ρa
Gradγaa (Pb) +
1
ρa
Lapγaa (µb, ub) + g
un+1a = u
n
a + δt
Dua
Dt
vn+1a = u
n+1
a for i ∈ F/V
rn+1a = r
n
a + δt v
n+1
a
γn+1a = γ
n
a + δ
∑
s∈δ
1
2
(∇γn+1a +∇γna ) · vn+1as
ρn+1a =
1
γn+1a
γna ρ
n
a +
∑
b∈Pn
mnb (W
n+1
ab −Wnab)
+
∑
v∈V i/o
mnv [W
n
av −W (rnav + δri/ov )]
+
ρna
2
∑
s∈δi/o
[∇γas(rnas + δri/os ) +∇γas(rnas)] · δri/os
(3.61)
Chapter 3. Numerical model 52
3.7.1 Constrains on Time Step
Due to the above time scheme being explicit, it is required to consider the
time-step stability restrictions, which depend on the advection, diffusion and
forcing terms. Following (Monaghan and Kos, 1999), a particle’s time-step,
∆t has to satisfy conditions as follows
∆ta = C∆t min(δtf , δtcv) (3.62)
where δtf and δtcv are defined as follows
δtf = minb
√
h
|Fab|
δtcv = mina
h
c0 +max|h(va−vb) · (xa−xb)|(xa−xb)|2 |
(3.63)
Since semi-analytical method is employed, an additional time-step constraint
related to ∇γ is required. Following (Ferrand et al., 2017), the additional
time-step constrain is given as:
∆t ≤ 0.004 1
maxa∈F (maxs∈δ[|∇γas · (uas − vas)|]) (3.64)
3.8 Computation Aspects
In this work, the Wendland kernel is employed with the kernel length 1.3
times to the spacing of particles (h = 1.34x) that results in the cutoff
radius of 2.6 times to the spacing of particles (rc = 2.64x). This allows
each particle, in the computational domain, to contain about O(90) neigh-
boring particles in 3D. Therefore, it is important to implement SPH using
a library that can efficiently create interaction lists and calculate the rate
of change in the governing equation. An open and scalable framework for
particle simulations that provides all the necessary functionality, including
domain decomposition, dynamic force balancing, communication abstrac-
tions transparent handling of cross-processor interactions in a parallel code
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was presented by Incardona et al. (2018), Sbalzarini et al. (2006). They
distributed an open source C++ library called OpenFPM, which is capa-
ble of managing scalable particle and hybrid particle-mesh simulations on
distributed-memory parallel computer systems. In this thesis, the SPH code
is constructed based on OpenFPM library, which allows for highly efficient
SPH simulations more than millions of particles on the High Performance
Cluster at University of Luxembourg (Varrette et al., 2014). The current
software architecture is shown as Fig. 3.6.
Figure 3.6: Software architecture of current work.
Chapter 4
Validation
4.1 Overview
This chapter presents a variety of tests conducted to verify and validate
the SPH code that is constructed by the author using the parallel library
OpenFPM in C++. In the section 4.1, a 2D lid driven cavity case is used to
verify the viscosity model and boundary implementation in the current SPH
model. In the section 4.2, a 3D dam break case is used to verify the accuracy
of the approximation of hydrodynamic pressure and its ability to deal with
the violent interaction between free surface and solid. In section 4.3, a
cylinder water entry case is employed to verify that the current SPH model
is capable of capturing the interaction between fluid and floating body. The
effectiveness of the current DEM-SPH model is validated by using a test
case based on the 3D dam break case in the section 4.4 with additional two
free moving floating boxes. Lastly, in section 4.5, flow passing though a
rectangular duct is applied to verify the current open boundary model.
4.2 Lid-driven cavity
The Lid-driven cavity case in this section aims to verify the effectiveness of
no-slip and moving wall boundary condition and validate the viscous model
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with the experimental result presented by Ghia et al. (1982). The sketch of
the case is shown in Fig. 4.1, where the boundary is constructed with no-slip
walls and one moving wall at top with constant velocity V = (U, 0). In the
current case, the length (L) of both moving walls and no-slip walls is chosen
to be 1. The region enclosed by the boundaries is the fluid domain, where the
initial density and initial pressure are chosen to be 1 and 0 respectively. The
initial velocity of the fluid domain is set to 0. Since the experimental result
presented by Ghia et al. (1982), was setup with Re = 1000, the dimension
of viscosity in the current case is chosen to be ν = 0.001. The reference
sound speed of water in this case is chosen according to Eq. 3.5, where
c0 = 10. The fluid domain is discretised with particle spacing dp = 0.005,
which results in 200 × 200 particles. For determining, whether the flow of
the system reaches steady state, the velocity changed along the Y axis is
applied as followssteady if max(
V t(0,y)−V t−1(0,y)
V t(0,y) ) < 0.01
unsteady else
(4.1)
Figure 4.1: Sketch of the 2D lid-driven cavity test case.
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In the current model, the simulation reaches steady state at t = 42s and
velocity contour at t = 42s as shown in Fig. 4.2. At t = 42s, a vortex
is formed in the center of the fluid domain, and the velocity of the fluid
region near the non-slip boundaries is 0. It can also be observed that the
velocity of the fluid region near the moving wall is 1, which corresponds to
the specified velocity of the moving wall. This result shows that the current
moving boundary and non-slip boundary implementation are effective. The
velocity profile of the current SPH model compares with the result presented
by (Ghia et al., 1982) at steady state, is shown in Fig. 4.3 and 4.4. As shown
in Fig. 4.3, the velocity of flow in the Y direction along the X-axis is 0 at X
= -0.5 and X = 0.5. This is because the flow next by the fixed wall boundary
on the left and right side of the system is affected by the viscosity model. A
similar trend can be seen in the Fig. 4.4 that the velocity along the Y-axis
in the X direction is equal to 1 when the flow approaches to the moving wall
at the top of the system and decrease to 0 when the flow is affected by static
wall at the bottom of the system. Obviously, the simulation results agree
well with Ghia et al. (1982)’s results and verify the boundary conditions and
viscosity models of the current SPH model.
Figure 4.2: Contour of velocity of 2D lid driven case at t = 42s, where
the flow reached the steady state.
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Figure 4.3: The velocity profile of 2D lid driven case at t = 42s on y = 0.
Figure 4.4: The velocity profile of 2D lid driven case at t = 42s on x = 0.
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4.3 3D dam break
A 3D dam break experiment in Kleefsman et al. (2005) was originally de-
signed to analyze the impact of green water on the deck equipment. This test
case is a violent interaction between free surface and rigid body. Therefore,
in this section the 3D dam break test case, presented by Kleefsman et al.
(2005), is used to validate the interaction between free surface flow and rigid
body in the current SPH model. The sketch of the test case is shown in Fig.
4.5 (a). Still water with density ρ = 1000kg/m3 is placed at the right-hand
side of the domain and a rigid obstacle is deployed at the left-hand side of
the domain. The free slip boundary condition is assigned to all solid wall
boundaries. The entire system is discretized with initial particle spacing
4x = 0.0161m. The artificial sound speed is chosen according to Eq. 3.5,
where c0 = 25m/s, while the initial pressure of the fluid is calculated based
on the Bernoulli equation as follows:
p = ρ0 ∗ g ∗ 4z; (4.2)
where 4z is defined as the vertical distance from the fluid surface to the
fluid particle.
In order to analysis the impact of flow on the obstacle, pressure sensor P1
and P2, is placed on the right side of the obstacle, as shown in Fig. 4.5(b).
Besides P1 and P2, an additional pressure sensor P5 is placed on the top
of the obstacle. Snapshots of simulation and experiment are shown in Fig.
4.6 - Fig. 4.10. As Fig. 4.6 - Fig. 4.10 show, there is a good agreement
between the current SPH model and the experimental results. As Fig. 4.6
shows, a flow front has been formed that is heading toward the obstacle at
t = 0.25s. The flow front firstly hits the obstacle at t = 0.4s and it is being
separated by the obstacle at t = 0.56s as shown in Fig. 4.7 and Fig. 4.8.
At t = 0.84s, the separated flow front reaches the left side of the boundary
and merged together at t = 1.2s as shown in Fig. 4.9 and Fig. 4.10.
Pressure time histories at P1, P2 and p5 are shown in Fig. 4.11. It can
be observed that the flow front reaches the obstacle at about t = 0.4s, and
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(a)
(b)
Figure 4.5: (a) Sketch of the 3D dam break case. (b) Sketch of the
obstacle and the pressure transducers on the obstacle (P1,P2,P5).
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the flow direction of the flow hitting the obstacle is suddenly altered to the
opposite direction. This sudden change creates a peak of pressure, which
can be observed from pressure time diagrams of P1 and P2 at t = 0.4s. The
peak of both P1 and P2 is higher than the experimental data. This is due
to the fact that particle resolution is not fine enough, which could be solved
by simply increasing the particle resolution. As the Fig. 4.11 (c) shows,
the pressure at p5 starts to increase at t = 1.2s. This is mainly due to the
fact that the flow front after hitting the left side of the wall boundary has
returned and covered the top of the obstacle. In general, approximation of
the pressure of the current model agrees very well with the experimental
result. Which means that the current SPH model is capable of capturing
the violent interaction between free surface flow and rigid body very well.
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(a)
(b)
Figure 4.6: Snapshot of the 3-D dam breaking test compared with ex-
periment (Kleefsman et al., 2005) at t = 0.25s.
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(a)
(b)
Figure 4.7: Snapshot of 3-D dam breaking test compared with experi-
ment (Kleefsman et al., 2005) at t = 0.4s.
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(a)
(b)
Figure 4.8: Snapshot of 3-D dam breaking test compared with experi-
ment (Kleefsman et al., 2005) at t = 0.56s.
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(a)
(b)
Figure 4.9: Snapshot of 3-D dam breaking test compared with experi-
ment (Kleefsman et al., 2005) at t = 0.84s.
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(a)
(b)
Figure 4.10: Snapshot of 3-D dam breaking test compared with experi-
ment (Kleefsman et al., 2005) at t = 1.2s.
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Figure 4.11: Pressure time histories at (a) P1, (b) P2 and (c) P5, com-
pared with experimental data presented by Kleefsman et al. (2005).
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4.4 3D cylinder water entry
In this section, a cylinder with an oblique angle entering the water case, as
the water entry of a 3-D cylinder test case presented by Sun et al. (2015b), is
used to verify that the current model is suitable to simulate the interaction
between floating body and free surface flow in 3D. The sketch of this test
case is shown in Fig. 4.12 that a cylinder is entering the water with initial
velocity −1.92m/s in Z direction. The oblique angle between the cylinder
and the water surface is θ = 35◦, while the center of gravity of the cylinder
is at (0.025m, 0m, 0.34m). The mass of the cylinder is 0.145kg and the
diameter of the cylinder is 0.032m with 0.15m in length. No slip boundary
condition and free slip condition are assigned to wall boundary and the
cylinder respectively. The initial pressure of the water is given according
to Eq. 4.2. The entire system, including wall boundary, cylinder and fluid
domain, is discritized with the particle spacing dp = 2.410−3m. And the
reference sound speed is chosen to be 20m/s. Fig. 4.13 -15 are the snapshots
of the velocity contour. As Fig. 4.13 shows, the right side of the cylinder
starts to enter the water at 0.05s and the center of gravity of the cylinder
is completed under the water surface at t = 0.02s. At t = 0.035s, after the
cylinder has entered the water its falling speed has decreased dramatically
as shown in Fig. 4.14. Fig. 4.15 shows that the cylinder is in the water and
an empty area is created above the cylinder.
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Figure 4.12: The Sketch of cylinder water entry case.
Fig. 4.16 shows the position and rotation history of the cylinder. It could
be observed that between t = 0s and t = 0.1s, the center of gravity in the Z
direction drops from 0.35m to 0.205m and the oblique angles of the cylinder
decrease from 35 to 4. The change of the oblique angles is due to the fact that
the right side of the cylinder impact the water faster than the left side, which
gives a counter clockwise moment force in the Y direction about its central of
gravity. It can be seen that in the simulation, the cylinder’s sinking speed is
slightly slower than the experimental data, and the cylinder’s rotating speed
is faster than the experimental data. The main reason is that the current
SPH model does not consider the surface tension, so the void area on the top
of the cylinder (as shown in Fig. 4.17(b)) is larger than the experimental
result (as shown in FIG. 4.17(a)), and eventually leads to the cylinder in
SPH experiences more resistance. In summary, the result of simulation in
this test case verifies that the current SPH model is capable of simulating
the interaction between floating body and free surface.
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(a)
(b)
Figure 4.13: Snapshots of the contour of the velocity of the cylinder
falling case at (a) t = 0.005s and (b) t = 0.02s.
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(a)
(b)
Figure 4.14: Snapshots of the contour of the velocity of the cylinder
falling case at t = 0.035s. (a) shows the whole domain and (b) shows the
velocity contour on half of the fluid domain at one side of the coordinate
plane oxz(y < 0)
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(a)
(b)
(c)
Figure 4.15: Snapshots of the contour of the velocity of the cylinder
falling case at t = 0.075s. (a) shows the velocity contour on whole domain,
(b) shows the velocity contour on half of the fluid domain at one side of
the coordinate plane oxz(y < 0) and (c) shows the velocity contour with
visible enhanced on the falling cylinder on half of the fluid domain at one
side of the coordinate plane oxz(y < 0).
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(a)
(b)
Figure 4.16: The results of SPH were compared with the experimental
data presented by (Sun et al., 2015b). (a) The plot of position of the
cylinder in Z direction and (b) The plot of the oblique angle of the cylinder
about Y axis.
Chapter 4. Validation 73
(a) (b)
Figure 4.17: Snapshot of the result of t = 0.068s. (a) Experiment result
presented by (Sun et al., 2015b) (b) Simulation result from the current
SPH model.
4.5 2 boxes transporting in 3D dam break
To verify the effectiveness of the current DEM-SPH model, this section
employs a 3D dam break case, which is similar to the one in the section 4.3,
where additional 2 boxes were released above the fluid domain at t = 0s.
The weight of the box is 3.3384kg and the length of the box is 0.161m.
At t = 0s, the box at left side is released from (0.5424, 0.3805, 0.6744) and
the box at the right-hand side is released from (1.0424, 0.5805, 0.6744). The
entire domain is discrtized with default particle spacing dp = 0.0161m and
dummy particles is used directly as the spherical subshape of the DEM.
Fig. 4.18 shows the snapshots of the simulation results using current SPH
model, where the wall boundary is labelled with red color, and fluid particles
are labelled with green color. The boxes are labelled with blue color. Fig.
4.18(a) shows that the boxes start to enter the water and driven by the flow
in the direction towards the obstacle at t = 0.1s. As shown in Fig. 4.18(b),
the box at the left side moving faster toward the obstacle than the box at
the right, at t= 0.9. This is due to the left part of the fluid velocity move
faster than the right side. The box at left side eventually hits the obstacle
at t = 1.0s as shown in Fig. 4.18(c). Fig. 4.18(d) shows that at t = 1.1s,
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velocity of the box suddenly changes from the direction of the obstacle to
the direction of the opposite side of the obstacle. This due to the box at
left side colliding with the obstacle and a solid-solid contact force calculated
through Eq. 3.58 is applied on the box to stop the box from penetrating
the wall of the obstacle. As shown in Fig. 4.18 (e), at t = 1.6s, the front
flow of water hits the left side of the boundary, changes the main body of
the water flow and starts to move in the opposite direction to the obstacle.
Fig. 4.18(f) shows that, both boxes are driven towards the opposite side of
the obstacle at t = 2.4s. In summary, the results in this section show that
the DEM-SPH model is effective and can prevent the floating body from
penetrating the boundary during the collision.
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(a)
(b)
(c)
Figure 4.18: The snapshots of simulation result of 3D dam break with
2 additional floating boxes at (a) t = 0.1s (b) t = 0.9s (c) t = 1.0s
(d) t = 1.1s (e) t = 1.6s and (f) t = 2.4s. The dummy particles and
fluid particles are labelled with red and blue colour respectively while free
falling boxes are labelled with blue colour.
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(d)
(e)
(f)
Figure 4.18: The snapshots of simulation result of 3D dam break with
2 additional floating boxes at (a) t = 0.1s (b) t = 0.9s (c) t = 1.0s
(d) t = 1.1s (e) t = 1.6s and (f) t = 2.4s. The dummy particles and
fluid particles are labelled with red and blue colour respectively while free
falling boxes are labelled with blue colour.
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4.6 Flow passing though rectangular ducts
In this section, a flow passing through a rectangular duct test case is applied
to validate that the open boundary method developed in section 3.3, is
suitable to be used as the inlet and outlet boundary in three dimension
for SPH model. To prove that the current model is valid, the theoretical
model of flow passing through rectangular ducts presented by Spiga and
Morino (1994) is used as the reference to compare with the current model.
The sketch of the numerical setup is shown in Fig. 4.19. The length of
the channel L is set to 1m, while both height (H and width W are set to
0.25m. A uniform inlet velocity Vx = 0.14m/s is applied to the entrance
of the channel and the pressure zero outlet condition is applied to the exit
of the channel. The density of the fluid equals to 1000kg/m3 and its initial
velocity is set to Vx = 0.35m/s. Except for the entrance and exist, no-slip
condition is applied to all of the other boundary. The fluid domain in the
channel is disctized by the particle spacing ∆x = 0.01m.
Figure 4.19: Sketch of flow passing though rectangular ducts.
Fig. 4.20 show the velocity (Vx) at (x, y) = (0.7m, 0.125m) varying versus Z
axis. It can be seen from Fig. 4.20 (a) shows, that, due to the initial velocity
is given, the velocity profile at t = 0s is equal to 0.35m/s. As Fig. 4.20 (b)
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(a)
(b)
Figure 4.20: The velocity profile of flow passing though rectangular
ducts along the z direction at (x, y) = (0.7m, 0.125m) (a) t = 0s (b)
t = 1s (c) t = 5s (d) t = 6s.
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(c)
(d)
Figure 4.20: The velocity profile of flow passing though rectangular
ducts along the z direction at (x, y) = (0.7m, 0.125m) (a) t = 0s (b)
t = 1s (c) t = 5s (d) t = 6s.
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- (d) show, withing time increased, the velocity profile slowly reached to its
steady state at t = 6s. At t = 6s, the maximum velocity Vmax = 0.28m/s
can be found at z = 0.125m, which is corresponding to the most further
position from the wall on the cross section. Fig. 20(d) shows that, the
velocity starts to decrease to zero within approach to the wall. This is due
to the no-slip condition is applied to all the walls, this is due to the viscous
force as section 4.1 demonstrated.
The velocity profile at x = 0.7m varying versus Y and Z axis of the current
SPH model at t = 6s and the theoretical result presented by Spiga and
Morino (1994) are presented in Fig. 4.20. It can be observed that at t = 6s
(which is the steady state of current numerical model) the current SPH
model obtained a very good agreement compared with the theoretical result
in general. The difference of the maximum velocity between the current
model and the theoretical model, is only about 3%. In summary, the test
case in this section proves that the current open boundary method is suitable
to use as the inlet and outlet boundary in three dimensions.
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(a)
(b)
Figure 4.21: The velocity profile of flow passing though rectangular
ducts at one side of the coordinate plane ozy and x = 0.7m. (a) is current
SPH result and (b) the theoretical result presented by Spiga and Morino
(1994).
Chapter 5
Case study
5.1 Overview
The main purpose of this thesis is to establish a numerical tool to predict
and analyze the impact of a floating body on a structure during floods. In
this chapter, two test cases of the impact of a floating body on a struc-
ture are presented. The first test case involves three floating bodies that
are transported in a simple rectangular channel and hit on the wall of the
channel. This test case demonstrates that the current numerical model is
capable of tracing the trajectory of a floating body that is driven by the
flow and bounce when the floating bodies hit the wall. The second test
case applies a similar numerical scheme as the first test case, but instead
of using a simple rectangular channel, a real river channel is used. In the
second test case, the geometry of the test case is constructed according to
the Mosel river flowing by Kesten, a town in the west of Germany. Cylin-
ders are employed in this test case as the floating body, and they are placed
on the surface of the river with a given initial speed. These floating bodies
are driven by the current and flow downstream. Eventually, these floating
bodies hit the structure along the river. The result of the impact caused by
the floating bodies on the structure is further analyzed using Abaqus, which
can predict the deformation of the structure. This test case demonstrates
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that the current model can capture the trajectory of bodies floating along
the river. Additionally, it shows that this model can be used as a numerical
tool by water management authorities to predict the trajectory of floating
body that is transported in a flooded river.
5.2 Impact of a floating body along a rectangular
open channel flow
In this section, a numerical simulation has been employed to investigate
whether the current SPH model can capture the trajectory of a floating
body that is driven by the flow in an open channel. The numerical setup is
presented in Section 5.1.1, and the results and discussion are presented in
the section 5.1.2.
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5.2.1 Numerical setup
Figure 5.1: Schematic of the impact of a floating body along a rectan-
gular open channel flow
The schematic of the test case in this section is illustrated in Fig. 5.1, where
the channel is 5m in width (W = 5m) and 5m in height (H = 5m). The
length of the channel is 10m (L = 10m), which is long enough to allow
the floating bodies to hit the wall of the channel. As Fig. 5.1 shows, the
front of the channel is where the inlet of the flow is, and the rear side of the
channel holds the outlet. The channel is entirely filled with water, which
means that the water level equals 5 m, and the reference density of the fluid
is 1000 kg/m3. The initial velocity of the fluid is set to 2 m/s along the X-
direction. The point of origin for this test case is located at the bottom right
corner of the channel, as Fig. 5.1 indicates. The floating bodies in this test
case are represented by cylinders that are (2m in length and 0.25m in radius.
These are initially placed on the surface of the fluid. The reference density of
these floating bodies is 750 kg/m3. The first floating body, which is denoted
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as FBA, is initially located at (3, 4, 5.4). The second floating body (FBB)
is located at (3, 2.5, 5.4). Finally, the last floating body (FBC) is located
at (3, 1, 5.4). In this section, the no-slip boundary condition is adopted for
all solid wall boundaries, including the surface of the floating body. The
uniform inlet condition is applied to the entrance of the channel, 2 m/s in
X-direction, while the zero pressure condition is applied to the outlet. The
particle spacing (∆x) to be used in the SPH model in the current case is
0.05 m, which resulted in around 2 million particles being used to conduct
this simulation.
5.2.2 Results and discussion
The snapshot of the simulation results is presented as Fig. 5.2 and Fig.
5.3. It can be seen that at t = 0s, all the floating bodies are located evenly
in the Y-direction inside the channel and slightly above the water level.
At t = 0.47s, all three floating bodies move according to the given initial
velocity, while the FBC has almost reached the upper side of the wall. At
t = 0.49s, the FBC collides with the upper side of the wall, resulting in a
sudden change of the velocity in the Y direction from positive to negative.
At t = 0.51s, the FBC starts traveling in the inverse-Y direction, while FBA
and FBB continue traveling along the Y direction.
From the results of the current simulation, it can be observed that the
current model can capture the interaction between the floating body and
fluid, when the inlet and outlet conditions are prescribed. More importantly,
the results reveal that the current numerical model is capable of capturing
the impact between a floating body and a solid boundary. Therefore, it was
deemed suitable to extend the current model to a real-world case to predict
the impact of a floating body on a structure during flooding.
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(a) t = 0 s
(b) t = 0.47 s
Figure 5.2: The snapshots of the simulation’s result: the impact of
floating body in a rectangular open channel flow at (a) t = 0 s (b) t =
0.25 s (c) t = 0.38 s (d) t = 0.51 s.
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(c) t = 0.49 s
(d) t = 0.51 s
Figure 5.2: The snapshots of the simulation’s result: the impact of
floating body in a rectangular open channel flow at (a) t = 0 s (b) t =
0.25 s (c) t = 0.38 s (d) t = 0.51 s.
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5.3 Numerical simulations of the impact of a float-
ing body on a structure during flooding of the
Mosel river in Kesten
In this section, the numerical model is applied to investigate the impact of a
floating body on any structure during the flooding of the Mosel river. This
section is organized as follows. First, the background of this test case is
provided. Second, the numerical setup of the scenario is presented. Third,
the results of the simulation is discussed. Finally, the impact of the floating
body on the structure is further analyzed using Abaqus.
5.3.1 Background of the test case
The Mosel river is a left tributary of the Rhine river that originates from
France, passes by Luxembourg, and converges with the Rhine river again
in Germany. As with all the other rivers in the world, the Mosel river also
tends to flood, especially during spring, when the snow higher up along the
stream starts melting. Kesten is a town located along the Mosel river’s
river, in Rheinland-Pfalz in western Germany, and the town is affected by
the flooding of the Mosel river. Several prevention methods, such as flood
control walls, flood control dykes, flooding pumphouse, and underground
waterproofing with retaining walls have been deployed in Kesten to prevent
the flood overflow in the region. Among the the prevention methods men-
tioned above, the flood control walls, which are deployed for the Mosel river
from 138.9 km to 139 km, is one of the most important flood control devices.
However, during the floods, floating body such as trees, vehicles, and trash
along riverbank may be flushed into the river and transported downstream,
and that can potentially hit the water protection devices. This may damage
the flood control walls and even deform them, eventually causing a failure
to prevent the flood overflow in the region. Therefore, in this section, a
simulation scheme suitable for the analysis and prediction of the impact of
floating body on the flood control walls by the water management authority
is presented. The following section presents a simulation scenario, which
Chapter 5. Case study 89
Figure 5.3: Map of the Mosel river and Kesten town.
is based on the situation that floating bodies in the Mosel hit the flood
protection devices along the river bank. To design a numerical study of
current scenario, the following sections are organized as follows. First, the
geometrical data of the Mosel river near Kesten is discussed. Second, the
numerical setup of the scenario is presented. Third, the result of simulation
is presented and discussed. Finally, the impact of the floating body on the
flood control wall is further analyzed using Abaqus.
5.3.2 Numerical setup
Fig. 5.4 shows the geometrical setup of the bed of the Mosel river, from
138.9 km to 139.2 km. The blue points in the image represent the measured
GPS data and depth of the Mosel river bed. The grey surface represents
the surface of riverbed. The brown area is the flood control wall. It can
be seen that along the deepest part of every cross section of the channel,
the river can be separated to the outer side and the inner side of the river.
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(a)
(b)
Figure 5.4: The geometry data of the Mosel river (a) from 138.9km
to 139.2km (b) from 138.9km to 139.0km. The blue points represent
the measured GPS data and depth of the river bed, the grey surface and
brown area represent the surface of the river bed and the flood control
wall, respectively.
Since Kesten is located on the outer side of the river bank, the flood control
wall is deployed at the river cliff on the outer side to prevent any damage
caused by flooding. Since the flood control wall is mainly deployed along the
river cliff between 138.9 km and 139.0 km of the Mosel river, the simulation
scenario will focus on this region.
The GPS data and depth of the riverbed only provide its geometric structure
every 100m. Therefore, it is necessary to measure the surface of the river
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basin for the simulation. In the current test case, the geometry of the river
basin is constructed by interpolating the measured GPS data and depth of
138.9km, 139.0km, 139.1km, and 139.2km. The geometry of the current
test case is represented as the grey surface in Fig. 5.4.
The boundary of the simulation is reconstructed based on the interpolated
surface of the river bed. Fig. 5.5 illustrates the numerical setup of the
current test case, where the blue particles represent the inlet and outlet, the
green particles represent the fluid, the red particles represent the boundary,
and the purple cylinders are the floating bodies. The uniform inlet velocity
condition of 2 m/s in the X-direction is applied to the cross section of 139.0
km, and the fixed pressure outlet condition is applied to the cross section
of 138.9 km. The pressure of the outlet is set equal to the static pressure,
wherein the pressure is calculated as poutlet = ρgh.
The density of the fluid is set to 1000 kg/m3. Trees are some of the most
common floating body transported along the river during flooding. There-
fore, two trees are included as the floating bodies in the current scenario.
These trees are represented using cylinders that are of 7 m in height and
0.25 m in radius. Since these floating bodies are trees, their density is set
to 750 kg/m3 and initially placed at (35 m, 354 m, 13 m) and (35 m, 348
m, 13 m) from the origin. In the following section, two test cases are pre-
sented. The first test case considers that the floating bodies are moving in
X-direction with an initial velocity Vx = 2 m/s. In the second test case, the
initial velocity of the floating body is set to 2 m/s in X-direction and 3 m/s
in the Y-direction.
5.3.3 Results of the test case with floating bodies without
the initial velocity in the Y direction
Fig. 5.6 is a snapshot of the simulation results, where the arrows indicate
the fluid particle’s direction and its colors represent the pressure exerted by
the fluid particles. It can be seen that from t = 0 s to t = 0.75 s, a small
vortex surrounding both the floating bodies has been forged, resulting in
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Figure 5.5: The discretized SPH model of the impact of a floating body
on the structure during the flooding of the Mosel river near Kesten.
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(a)
(b)
Figure 5.6: The snapshot of the floating bodies without the initial
velocity in the Y-direction case at (a) t = 0 s (b) t = 0.75 s (c) t = 1.05s
(d) t = 1.65s (e) t = 2.4s (f) t = 2.55s (g) t = 3.33 s (h) t = 6.5 s, where
the arrows represent the direction of the fluid particles, while the colors of
the contour represent the pressure the flow. (The radius of the cylinders
in this figure is increased to 1m for enhanced visualization.)
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(c)
(d)
Figure 5.6: The snapshot of the floating bodies without the initial
velocity in the Y-direction case at (a) t = 0s (b) t = 0.75s (c) t = 1.05s
(d) t = 1.65s (e) t = 2.4s (f) t = 2.55s (g) t = 3.33s (h) t = 6.5s, where
the arrows represent the direction of the fluid particles, while the colors of
the contour represent the pressure the flow. (The radius of the cylinders
in this figure is increased to 1m for enhanced visualization.)
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(e)
(f)
Figure 5.6: The snapshot of the floating bodies without the initial
velocity in the Y-direction case at (a) t = 0s (b) t = 0.75s (c) t = 1.05s
(d) t = 1.65s (e) t = 2.4s (f) t = 2.55s (g) t = 3.33s (h) t = 6.5s, where
the arrows represent the direction of the fluid particles, while the colors of
the contour represent the pressure the flow. (The radius of the cylinders
in this figure is increased to 1m for enhanced visualization.)
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(g)
(h)
Figure 5.6: The snapshot of the floating bodies without the initial
velocity in the Y-direction case at (a) t = 0 s (b) t = 0.75 s (c) t = 1.05
s (d) t = 1.65 s (e) t = 2.4 s (f) t = 2.55 s (g) t = 3.33 s (h) t = 6.5 s,
where the arrows represent the direction of the fluid particles, while the
colors of the contour represent the pressure the flow. (The radius of the
cylinders in this figure is increased to 1m for enhanced visualization.)
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the two bodies moving closer to each other. Eventually, a collision occurs
between the two floating bodies at t = 2.44 s. Fig. 5.6. (f) shows that due
to this collision, the purple floating body starts moving inversely to the river
cliff, while the green floating body remains at nearly the same location. This
is due to the pressure of the fluid between the green floating body and river
cliff being much higher than the other region, which results in the hydro-
dynamic force that keeps pushing the green floating body to move toward
the river bank. After that, both floating bodies keep traveling along the
X-direction and never collide with the flood control wall, as shown in Fig.
5.6 (h). As it can be seen that, during the entire simulation, both floating
bodies have not collided the with flood control wall along the river cliff, it is
not necessary to analyze the impact of floating bodies on the flood control
wall. However, this test case does indeed show that the current numerical
model is capable of predicting the trajectory of a floating body in rivers
during flooding.
5.3.4 Results of the test case with floating bodies, with the
initial velocity Vy = 3m/s along the Y-direction
In this section, the initial velocity of the floating bodies are set equal to
Vx = 2m/s and Vy = 3m/s. Fig. 5.7 is the snapshot of the simulation result
of the test case with a static pressure outlet, where the arrows represent the
direction of the fluid and the colors of the arrows represent the pressure of
the fluid particles. It can be seen that at t = 0.9s, both the floating bodies
were moving toward the river cliff. Since the green floating body was moving
toward the river cliff, the fluid between the green floating body and the river
cliff is compressed, creating a region of higher pressure between the green
floating body and the river cliff. Moreover, due to this pressure being higher
than the pressure between the green floating body and purple floating body,
the green floating body was impacted by a stronger hydrodynamic force
in the negative Y-direction. This eventually stops the green floating body
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from moving in the Y-direction, and it starts to translate in the negative Y-
direction at t = 1.2 s. However, at t = 2.4 s, the two floating bodies collide
at (39.7487 m, 354.4963 m, 11.8182 m) from the origin of the numerical
setup. Due to this collision, the green floating body starts moving toward
the river cliff again, while the purple floating body starts moving toward the
direction opposite the river cliff. The green floating body eventually collides
with the river cliff at t = 3.5 s and (x, y, z) = (47.517 m, 363.919 m, 12.757
m). During the collision, the center of gravity of the green floating body
is at (x, y, z) = (48.3318 m, 360.65 m, 11.81 m). The impact velocity of
the floating body is (6.22, 3.21, 0.0276) with the unit meter per second and
the impact velocity magnitude being 7 m/s. It is worth to mention that the
initial design of the flood control wall can only withstand a maximum impact
velocity of 3 m/s (Bund der Ingenieure fu¨r Wasserwirtschaft and Pasche,
2005). The result of the current simulation shows that the SPH-DEM model
is capable of capturing the impact of the floating bodies on the structure.
This impact velocity obtained from the current model is extracted to design
a finite-element simulation for the analysis of the impact on the structure
caused by the floating body in the next section.
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(a)
(b)
Figure 5.7: The snapshot of the floating bodies with the initial velocity
in the Y-direction case at (a) t = 0 s (b) t = 0.9 s (c) t = 1.2 s (d) t =
2.4 s (e) t = 3.5 s , where the arrows represent the direction of the fluid
particles, while the colors of the contour represent the pressure the flow.
(The radius of the cylinders in this figure is increased to 1m for enhanced
visualization.)
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(c)
(d)
Figure 5.7: The snapshot of the floating bodies with the initial velocity
in the Y-direction case at (a) t = 0s (b) t = 0.9s (c) t = 1.2s (d) t = 2.4s
(e) t = 3.5s , where the arrows represent the direction of the fluid particles,
while the colors of the contour represent the pressure the flow. (The radius
of the cylinders in this figure is increased to 1m for enhanced visualization.)
Chapter 5. Case study 101
(e)
Figure 5.7: The snapshot of the floating bodies with the initial velocity
in the Y-direction case at (a) t = 0s (b) t = 0.9s (c) t = 1.2s (d) t = 2.4s
(e) t = 3.5s , where the arrows represent the direction of the fluid particles,
while the colors of the contour represent the pressure the flow. (The radius
of the cylinders in this figure is increased to 1m for enhanced visualization.)
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5.3.5 Analysis for the deformation of the structure on impact
To further investigate the impact and analyze the damage caused to the
structure, as the scenario in the previous section showed, the commercial
FEM software Abaqus is applied.
Fig. 5.8 is a sketch of the flood control wall that is deployed along the Mosel
river from 138.9 km to 139.0 km. The flood control wall is 2.5 m in width
and 2.05 m in height. Between each flood control wall, there is a pillar to
hold the walls up. Fig. 5.8 shows that the thickness of the flood control wall
is 20 cm. Furthermore, the flooding wall actually consists of a thin layer of
Aluminum that is 3 mm in thickness. The numerical setup of the current
test case is represented in Fig. 5.9. The main purpose of the pillar is to hold
up the flood control wall, the encastre boundary condition, which means
that there are no displacements in any direction, is applied on both sides
of the flood control wall. Aluminum 6061-T6 is a commonly used material
for flood control wall, so this section applies its properties to the simulated
flood control walls. The mechanical properties of Aluminum 6061-T6 are
presented in Table 5.1.
Table 5.1: Mechanical Properties of Aluminum 6063-T5.
Properties Metric
Density 2.7 g/cm3
Young’s modulus 70 GPa
Tensile strength 276 MPa
Poisson’s ratio 0.33
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Figure 5.8: A sketch of the flood control wall (unit in meters).
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Figure 5.9: A sketch of the numerical setup for Abaqus in the current
work. The green cylinder represents the floating body, while the gray
wall represents the flood control wall. The encastre boundary condition is
applied to the blue line of the wall.
The floating bodies in the last section are considered to be trees, but this
section only focuses on the impact of the side of the flood control wall. Thus,
for the sake of simplicity, this section assumes that the floating body is rigid
with uniform density 750 kg/m3. The initial velocity of the floating body
is (6.22 m/s, 3.21 m/s, 0.0275 m/s), which means the impact velocity at
normal direction is 3.21 m/s. Fig 5.10 shows the impact load time history
of the current numerical model. It is shown that the maximum impact load
is 166.064 kN , which happens at 0.033 second after the initial impact. The
duration of the impact is 0.063 second. Table 5.2 shows the comparison of
the maximum impact load between current work and impact load obtained
by using the design codes that is mentioned in section 2.2.4. In the method
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suggested by FEMA to calculate the impact load, it is necessary to provide
the suitable contact duration time. However, the contact duration between
wood and aluminum is not available. Therefore, the contact duration time
of the steel wall is adopted. Consequently, the impact load calculated by
the method suggested by FEMA is 26.250 kN . Apparently, this value is
much lower than the value obtained by the numerical model in the current
work. This is due to the fact that the contact duration time of steel (0.2s)
suggested by FEMA is not suitable for the current scenario.
Since contact duration of the impact for steel suggested by FEMA is not
suitable for Aluminum 6061-T6. It is possible to apply the contact duration
obtained from the numerical model. The impact load obtained by using
the method of FEMA and contact duration time obtained by the current
numerical model is 83.333 kN . Which is much closer to the value obtained
by the current numerical model. However, there is still a huge gap between
the impact load obtaining from the current numerical model and the method
suggested by FEMA. This is due to in the method of FEMA, the floating
body is assumed to impact the structures with its horizontal position. While
in the current scenario, the floating body impacted the flood control wall
with an angle. Consequently, the impact load obtained from the current
work is larger than the one obtained from the FEMA.
The impact load obtained by using the method suggested by AASHTO
(section 2.2.4.1) is 23.3877 kN , which is much lower than the result obtained
from the current work – this is due to how the original method is constructed;
based on the collision between ship and pier. For calculating the impact
load by using the method suggested by AS5100 (2004) (section 2.2.4.3), it
is necessary to know the stopping distance, however, the stopping distance
for Aluminum 6063-T5 is not provided. Therefore, the stopping distance
obtained from the current numerical simulation is employed to calculate the
impact load through the method of AS5100 (2004). The result of the impact
load of AS5100 (2004) in the current scenario is 148.217 kN . This value is
slightly lower than the one obtained from the current numerical model. One
of the main reasons of this difference is that the formulation of AS5100
(2004) is established based on considering the 2 metric-tons log, while in
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the current scenario, the floating body is only 750 kg in weight. Using the
method of design codes for calculating impact load may underestimate the
real impact load. Moreover, many parameters, such as contact duration of
FEMA and stopping distance of AS5100 (2004), are unavailable. As a result,
the methods for estimating the impact loads provided by the design codes
are not suitable for the scenario in the current work.
Figure 5.10: The impact load-time curve obtained from the current
work.
Table 5.2: The comparison of the maximum impact loads obtained be-
tween the current work and using the design codes.
Model Maximum Impact Load
Numerical Results (Current Work) 166.064 kN
FEMA(tDuration = 0.2s) 26.250 kN
FEMA(tDuration = 0.063s) 83.333 kN
AASHTO 23.3877 kN
NAASRA (Stopping Distances = 0.3 m) 122.500 kN
To analyze the damage caused by the impact of the floating body, the JC
material model (Johnson and Cook, 1983, 1985) and Johnson-Cook failure
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model (Johnson and Cook, 1985) is employed in the current work. The JC
model is given as
Y = [A+Bnp ][1 + Cln(
p
0
)][1− T − Troom
Tmelt − Troom ] (5.1)
where Y is effective yield stress p is effective plastic strain rate, 0 is ref-
erence strain rate, Troom is room temperature of material and Tmelt is the
melting temperature of material, A is initial yield stress, B is hardening con-
stant, C is strain rate constant, n is hardening exponent and m is thermal
softening exponent. The parameters of JC model for Aluminum 6061-T6
are given in Table 5.3. The Johnson-Cook failure model is one of the most
popular model to analyze ductile failure. The Johnson-Cook failure model
is given as:
Damage =
∑ δp
f
(5.2)
where f is equivalent strain at failure. The material is assumed to be intact
until the Damage > 1. The f is given as:
f = [D1 +D2exp(D3σ
∗)][1 +D4ln(
p
0
)][1 +D5
T − Troom
Tmelt − Troom ] (5.3)
where D1 −D5 are constant, σ∗ is mean stress normalized by the effective
stress. The parameters of Johnson-Cook Failure model for Aluminum 6061-
T6 are given in Table 5.4.
Fig. 5.11 and Fig. 5.12 visualize the results of the deformation of the flood
control wall after the impact of the floating body. Fig. 5.11 (b) shows that,
the kinetic energy of the floating body was absorbed by the flood control
wall, which in result the flood control wall experienced the deformation.
It can be seen from FIG. 5.12 (b), the deformation of flood control wall
exceeded the limit of elastic deformation of its material, which eventually
leaded to the failure of the material and the appearance of cracks. It can
be seen that the flood control wall is damaged by the impact of the floating
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body, Which means that the flood control wall will not survive a collision
with floating bodies in the current scenario.
As the results indicated using the current numerical model, if such a scenario
did occur in the real world, the flood control wall would not be capable of
preventing the river overflowing and flooding Kesten.
Table 5.3: Parameters of the Johnson–Cook material model for Alu-
minum 6061-T6 (Lesuer, 1999).
A 324 MPa
B 114 MPa
C 0.002
n 0.42
m 1.34
Table 5.4: The constants of Johnson–Cook damage model for Aluminum
6061-T6 (Lesuer, 1999).
Initial failure strain, D1 -0.77
Exponential factor, D2 1.45
Triaxiality factor, D3 -0.47
Strain rate factor, D4 0.0
Temperature factor, D5 1.6
Troom 20°C
Tmelt 650°C
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(a)
(b)
Figure 5.11: Snapshots and contours of plastic strain of the flood control
wall from the view of the impact side (a) before impact and (b) after
impact.
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(a)
(b)
Figure 5.12: Snapshots and contours of plastic strain of the flood control
wall from the view of the opposite side of the impact side (a) before impact
and (b) after impact.
Chapter 6
Conclusion and Future Work
6.1 Conclusion
This research project was conducted to design a numerical tool that is suit-
able to analyze the impact of floating bodies on a structure during flooding.
This thesis presented an lagrangian meshless SPH-DEM model to simu-
late the interaction between floating bodies and free surface flows and the
interaction between floating bodies and structures. Various test cases were
conducted in this thesis, which proved that the current the SPH-DEM model
is appropriate and applicable to simulate the interaction between arbitrary
floating bodies and flow, tracking the trajectory of a floating body and cap-
ture wave collision with structures. In which the traditional methods, i.e.,
analytical methods and empirical methods, of analyzing the impact of float-
ing bodies on the structures during flooding are not capable of dealing with
the interaction between floating bodies and flooding. Moreover, traditional
methods are not capable of tracking the trajectory of a floating body during
such floods. Traditional methods are also limited to simple geometries of
floating bodies and structures. In addition, the wave force and hydrody-
namic forces applied to a structure during flooding are difficult to analyze
using traditional methods.
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In this thesis, an open boundary method developed by Ferrand et al. (2017)
for 2D work was extended to 3D, in which there is still a lack of proper open
boundary treatment for the SPH in the literature.. A simple rectangular
duct flow test case was used to validate the current open boundary method.
This shows that the current open boundary method has only 3% difference
in terms of the maximum velocity when compared to the theoretical model.
This means that the current open boundary method is highly appropriate
to be applied to the 3D SPH model. Which is to simulate the flooding, it
was necessary to have a proper open boundary condition to be applied at
the inlet and outlet.
The numerical model presented in the current work is coupled with the
Abaqus, a commercial FEM software, to further analysis the impact of the
floating bodies on the structures. A real world scenario is presented in the
thesis to demonstrate that the current numerical model is suitable to analyze
the impact of floating bodies on a structure, such as flood walls, during
flooding. The test case is based on the floating trees, transported down
the Mosel river near Kesten, located in the west of Germany. Moreover,
the objective of this test case was to predict the damage caused by floating
bodies on the flood control wall that is deployed at the river cliff of the Mosel
river in Kesten. The result of the test case shows that the current SPH-DEM
model is capable of simulating the dynamics of the floating bodies in the
flooding river. It was able to capture the impact between the floating bodies
and the solid structure. After capturing this, the commercial FEM software
Abaqus was applied to investigate the damage of the structure caused by
the floating bodies. According to the results presented in this thesis, it is
highly possible that in an instance where a floating tree collides with the
food control wall, it could cause damage to the wall or potentially destroy
it.
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6.2 Future Work
It will be invaluable to extend the work presented in this thesis as described
in this section.
6.2.1 Adaptive Particle Refinement (APR)
In the current numerical model, a very fine particle resolution is required
to accurately capture the impact between the floating body and the struc-
ture as well as the interaction between the flow and floating body. This
leads to a very fine particle resolution being adopted throughout the com-
putational domain and increases the computational cost. In order to reduce
the computational cost while maintaining the accuracy of the simulation, it
is advisable to implement the Adaptive Particle Refinement (APR) feature
(Vacondio et al., 2013), allowing a variable particle resolution in the domain.
6.2.2 Turbulent Model
The numerical model in this work can capture the impact between a float-
ing body and a structure and the trajectory of the floating body along the
flow. However, the flow of the current work is assumed to be a laminar flow,
whereas most floods in the nature are turbulent. Therefore, it is recom-
mended to implement the turbulent model in the future.
6.2.3 2-way coupling with FEM
In the current work, the FEM is applied to predict the deformation of the
structure due to the hydrodynamic forces and the impact of floating bod-
ies. However, this is only a one-way coupling, in which the fluid in the
current model does not experience the deformation of the structure. Conse-
quently, the current model is not capable of predicting leakages due to the
deformation of the structure. Therefore, it will be invaluable to extend the
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application of one-way coupling with FEM to two-way coupling with FEM
in the current model.
Appendix A
Appendices
A.1 Algorithm for the analytical computation of
γ and ∇γ in 3-D
The boundary of three dimensional geometry is two dimensional. To dis-
cretize the boundary, the most basic bounded two-dimensional element is
the triangular element, which can be represented by 3 co-planer vertices.
As Eq. 3.29 shows, when the boundary is discretized by triangular element,
then the analytical function of ∇γ is calculated as the integral of the kernel
function over a triangle. However, the kernel support domain of the kernel
function is a sphere and the integration of the intersection of an arbitrary
triangle and the sphere is not over complicated. Therefore, Mayrhofer et al.
(2015b) decided to decompose the surface integration domain to 8 possible
configurations, as shown in Fig. A.2, to find an analytical solution of ∇γ.
These 8 possible configurations could be assembled by using the circular sec-
tor, circular segment and full circle as Fig. A.2 shown. Moreover, a circular
segment could be assembled by 2 circular sectors and a full circle could be
assembled by 2 circular segments. Following Mayrhofer et al. (2015b)’s
work, the ∇γ in a circular sector can be calculated as follows
∇γ =
(∫ R
q
w(q)(θ − arcsin r sin θ√
q2 − d2 )qdq
)
ns (A.1)
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(a)
(b)
Figure A.1: Illustration of the intersection of support domain, shown
as a sphere, and a triangular element (a) 3D (b) project support domain
onto the co-planer of the triangular element.
The above formula is valid for 0 < θ < /2,0 ≤ r ≤ 2 and 0 ≤ d ≤ 2. Where
R is the radius of support domain, θ is the angle of the circular sector as
Fig. A.1 (b) shown, r is the closest distance between a circular sector and
the projected center of the support domain and d is the distance between
the co-planer of the circular center and center of the support domain. q is
the distance from the center of the support domain to the closet vertex of
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(a) case 1 (b) case 2 (c) case 3
(d) case 4 (e) case 5 (f) case 6
(g) case 7 (h) case 8
Figure A.2: 8 possible configurations of domain decomposition.
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(a) (b) (c)
Figure A.3: Illustration of the (a) circular sector (b) circular segment
and (c) full circle that can be used to calculate ∇γ.
the circular sector, which can be calculated as follows
q =
√
r2 + d2 (A.2)
It is worth noting that the above equation is not suitable for kernel functions
constructed based on Gaussian functions, because there are no analytical
solutions available, as indicated by Fayed and Atiya (2014). The author
tries to calculate the ∇γ by using pieces-wise kernel function, such as cubic
kernel. However, due to the pieces-wise kernel function has to consider
multiple function in one integration, the results are too complicated to be
implemented in code. After obtaining ∇γ, one can easily obtain γ with the
following equation
γ =
∫ R
q
∇γdq (A.3)
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